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ABSTRACT 
 
Zein, the prolamine of corn, has been proposed for different food applications: as coating 
material for flavor encapsulation, in moisture barrier films, as chewing gum base. Most recently, 
it has been explored in biomedical applications as tissue scaffolding, to enhance cell spreading 
and viability. Coproducts of corn-to-ethanol processing remain potential sources of zein. 
Distillers’ wet grains (DWG) a coproduct of dry grind ethanol contain about 40% (db) protein, 
where 50% of the protein is zein. Attempts to extract zein from coproducts have been limited to 
distillers’ dried grains with solubles (DDGS), but products from this process have not been fully 
characterized. In this work, DWG from dry-grind ethanol operations were used to extract zein. 
The aim of this project was to characterize selected physicochemical and molecular properties of 
the obtained zein to determine its quality and investigate its functionality. Zein was also further 
developed into a zein-based foam as a possible new application. 
The effect of extraction conditions: ethanol content of the solvent (55, 70 and 90% 
ethanol), pH, processing temperature and time, on zein quality and functionality parameters was 
evaluated. NaOH was used to modify the pH of extraction solvent. Alkaline extractions resulted 
in samples with higher protein content, although, of lower solubility. Additionally, alkaline 
extraction, reduced or eliminated g-zein from the zein profile. Moreover, zein of alkaline 
extraction resisted particle aggregation and consequently, was more stable in solution. Alkaline 
extractions reduced the a-helix content of the samples, which may have contributed to the 
samples’ lower solubility. Alkaline samples had a nearly Newtonian behavior and a 
predominantly viscous behavior. On the contrary, non-alkaline extraction samples had a shear 
thinning behavior and over time developed elastic behavior. 
Zein extractions with 55% ethanol are feasible; however, extractions of small protein 
fractions, and other impurities can occur. Extractions made with 90% ethanol did not follow any 
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specific trend, oil and carotenoids extracted along with proteins may have affected their 
behavior. Removal of zein impurities with hexane improved zein solubility. Furthermore, 
defatting of DWG increased the a-helix	 content	 of the samples and prevented aggregation. 
Extractions made with 70% ethanol resembled more closely the expected characteristics and 
behavior of commercial samples extracted from CGM. Extraction and utilization of zein from 
DWG would contribute to control plant operation costs and ease the environmental impact of this 
process.  
Zein has the ability to form glossy, flexible and hydrophobic coatings, these properties 
have led zein to be proposed for a number of applications: in controlled release, as a coating 
material, in biodegradable films, as a wall material for microencapsulation, and more recently as 
a biomedical material for tissue scaffolding. This investigation focused on studying zein as a 
potential base for foam development, where zein in concentrated solutions was precipitated into 
resins, which were expanded into foams by microwave energy. It was found that foam cell 
formation, expansion and organization depended on the amount of ethanol (%) used in the 
process. Moreover, residual solvent content in the foams affected foam formation. 
Extraction and marketing of zein from DWG would contribute to offset corn-to-ethanol 
plant operation costs and reduce their environmental impact. Moreover, a high quality zein from 
dry grind ethanol coproducts would enable the food industry to develop a number of novel food 
applications. 
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CHAPTER 1: INTRODUCTION 
 
 
The US is a major leader in corn production worldwide. Domestically, 37.8% of the corn 
produced is utilized for fuel ethanol production. This places the US as world leader in ethanol 
production, responsible for 58% of the fuel ethanol produced globally. Domestic production of 
corn ethanol keeps increasing year after year. Nearly, 96% of the local fuel ethanol is produced 
from corn starch. Considering that only the starch portion of the grain is utilized, the process 
generates a significant amount of coproducts: wet distillers’ grain, modified wet distillers’ grains, 
condensed distillers’ solubles, dried distillers’ grains and dried distillers’ grain with solubles. In 
2017 alone, 37,051 MMT of distillers’ grains were produced. Most of the coproducts are utilized 
in animal feed. Exports account for a significant amount of coproducts’ market. In 2017, one out 
of every three tons of destillers’ grain were exported. However, protectionist trade barriers have 
affected exports of distillers’ grains. Consequently, finding new ways to enhance the utilization 
of coproducts are needed to capture new markets and to reduce the environmental footprint of 
corn ethanol production. 
The amount of protein in dry-grind coproducts varies from one product to another but 
there is roughly 30-40% (db) protein in distillers’ wet grain (DWG) and distillers’ dried grain 
with solubles (DDGS). Zein, the prolamine of corn, accounts for nearly 50% of this protein. It is 
of great interest due to its current and potential applications, notably its ability to form films and 
coatings, to function as a binder for particulates, as structural polymer, and in encapsulation 
technology for flavors, drugs and bioactive compounds.  
The majority of zein in the market is extracted from wet-milling processes. Current 
attempts to extract zein from dry-grind operations have yielded only low performance products. 
Moreover, the only dry-grind zein in the market, is extracted from ground corn at the front end, 
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before it enters the dry-grind ethanol process. Commercial attempts to extract zein at the back 
end have been unsuccessful.   
High production of ethanol results in an overabundance of coproducts. Their increased 
utilization via extraction and marketing of zein would contribute to offset plant operation costs 
and reduce the environmental impact of this process. Additionally, new products could be 
developed for the benefit of new and existing biobased industries. Thus, the aim of this project is 
to extract and characterize zein produced from distillers’ wet grain.  
Objectives: 
1. To investigate the impact of extraction conditions on zein quality: solubility, protein 
content, and protein fractions distribution of zein extracted from DWG of a dry grind 
process. 
2. To evaluate the relation between zein microcharacterization parameters and its 
functionality by analyzing its secondary structure, particle size distribution, electrical 
charge (z-potential), and its rheological behavior. 
3. To evaluate the effect of defatting DWG, that is removing oil and carotenoids before 
extraction, on zein selected quality parameters and functionality. 
4. Zein has the ability to form glossy, flexible and hydrophobic coatings. These properties 
have led to zein being proposed for a number of applications: for controlled release, as a 
coating material, as biodegradable films, as wall material for microencapsulation and 
more recently as a biomedical material for tissue scaffolds. Zein has not been fully 
explored as a base for biodegradable foams. Thus, part of this of this investigation was 
focused on studying the potential of zein as a foam making biopolymer. Foam 
morphology and organization were analyzed by Micro-CT and ESEM.  
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CHAPTER 2: LITERATURE REVIEW 
Corn is one of the most important crops produced in the world. According to the National 
Corn Growers association (Sukenes and Novak 2018), the world corn production in 2017-2018 
was 1,044.6 MMT, of which 371 MMT was produced domestically. The corn kernel comprises 
the endosperm, germ, bran and tip. The first two are of great economic importance because they 
contain most of the dry mass of the kernel. The endosperm contains the starch, while oil is 
mostly extracted from the germ. Both contain proteins; globulins and albumins are present 
principally in the germ, while the endosperm contains prolamines, named this way due to the 
high content of the amino acids proline and glutamine (Anderson and Lamsal 2011).  
Corn processing is done by four different methods: alkaline processing, dry milling, wet 
milling, and dry grind. The first two methods render products intended for human consumption. 
Wet milling is used mainly to obtain starch and oil. Dry grind is used for ethanol production 
(Shukla and Cheryan 2001). Domestic processing of corn ethanol keeps increasing year after 
year. However, only a small fraction of the corn grain is utilized, leaving the co-products rich in 
proteins.  
Zein is the prolamine in corn. It amounts to 44-79% of protein in the endosperm (Lawton 
2002). It is considered of low nutritional value owed to lack of the essential amino acids, lysine 
and tryptophan. It is not soluble in water. However, it can be dissolved in aqueous ethanol, in 
high concentrations of urea, as well as high concentrations of alkaline or anionic detergents 
(Shukla and Cheryan 2001). It has an uncommon sequence of amino acids, with approximately 
50% hydrophobic residues. Thus, zein has an amphiphilic character (Pomes 1971) to which it 
owes the ability to self-assemble. Wang and Padua (2010), reported the formation of zein rods, 
spheres and films by evaporation-induced self-assembly. Such structures have potential 
application in the development of encapsulation and delivery systems (Wang et al. 2013). 
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2.1 ZEIN EXTRACTION FROM CO-PRODUCTS 
2.1.1 Wet-milling CGM 
Wet-milling separate grain components to maximize the access to corn starch. This 
makes it one of the most capital and energy intensive process (Bothast and Schlicher 2005). Oil, 
corn gluten feed (CGF), corn gluten meal (CGM) and starch are obtained from wet milling.  
The process starts with the steeping step. The main goal of the steeping process is the 
separation of fiber and germ and thus, facilitate the removal of starch. To accomplish it, a 
reducing agent such as SO2 is used. The steeping step is done at around 50°C for 30-40. Soaked 
corn kernels are milled, forming a viscous slurry. Germ is separated from the slurry rich in 
starch. Germ is then used to extract oil. Fiber, corn hull and germ meal from oil extraction are 
combined to form co-product CGF. The remaining solids, mostly protein and starch are 
separated to obtain co-product CGM and a starch solution, which is filtered to obtain pure starch. 
(Bothast and Schlicher 2005; Veljković et al. 2018). 
Commercial zein is mostly extracted from corn gluten meal (CGM) (Shukla and Cheryan 
2001) (Figure 2.1). CGM has a protein content of 62-74% (Wu et al. 1997); thus, high yields of 
zein are usually extracted from CGM. Sulfur dioxide breaks disulfide bonds holding β-, γ-, δ- 
zein (Cox et al. 1944; Paulis and Wall 1977; Shukla and Cheryan 2001; Nonthanum et al. 2012); 
thus, these fractions are discarded along with the steep water. Zein market is basically controlled 
by Freeman Industries, now known as FloZeinÔand own by Flo Chemical Corporation, and by 
Showa Sangyo. Zein from Showa is characterized for its white fine power. While Freeman, is 
bright yellow with a slightly coarser texture. 
2.1.2 Dry grind ethanol DDG/DDGS 
Dry-grind is a process used to produce fuel ethanol and alcohol for human consumption. 
In this process, corn is milled and washed with water. The pH of the mash is adjusted to 6. α-
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amylase is then added to the smash. The aqueous solution is then cooked to above 100 °C, this 
step is called liquefaction. Enzymes break down the starch polymer into smaller fractions 
(dextrins). The solution is cooled down and pH is adjusted to around 4.5. Glucoamylase is then 
added to hydrolyze dextrins into glucose. This process is called saccharification. Yeast is 
subsequently added, in the fermentation step. At the end, ethanol is produced and separated from 
the remaining solids by distillation. Solids including protein, fiber and oil, which are collected as 
distillers’ dried grains, a byproduct mainly used for animal feed (Bothast and Schlicher 2005; 
Kim et al. 2008; Anderson and Lamsal 2011). Along with the increase in domestic production of 
corn ethanol comes the interest of adding value to its co-products. As seen in Figure 2.2 Cheryan 
(2002) developed COPE process, allows the extraction of zein from ground corn, before the dry-
grind process. AMAZEINÔis processed following COPE process and it is offer by Prairie Gold, 
Inc. In past years, POET Inc. offered a product called Inviz, which is extracted from POET’s 
Dakota Gold HPÒ distiller’s grains. In this process corn kernel are fractionated and fermented 
without using heat. However, they discontinued the product. 
Zein has been extracted from distiller’s dry grains with solubles (DDGS), which have a 
protein content of 28-30% (Shukla and Cheryan 2001; Singh et al. 2005). But, dry-grind 
processing parameters include high temperatures and mechanical force (Bothast and Schlicher 
2005; Robertson et al. 2006) for long periods of time. Thus, zein structure and quality could be 
affected (Kwiatkowski et al. 2006). DDGS extractions are possible, but low zein yields are 
obtained, even with the use of a reducing agent (Wolf and Lawton 1997). To increase yields, two 
steps were proposed by Singh et al. (2005) where germ and fiber were eliminated before the 
grind process. As reported by Kim et al. (2008), DDGS produced by Singh's modified process 
has a higher protein content than zein produced by the conventional process. However, no 
commercial samples have been produced by this method. Similarly, to extractions made from 
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dry-milling products, non α-zein fractions may be extracted due to the lack of a steeping step in 
the extraction process. Nevertheless, Xu et al. (2007) extracted a zein sample where the protein 
profile resembled that of a commercial sample. Moreover, protein content was also similar to the 
commercial sample. However, samples extracted from DDGS had HMW proteins, whereas 
commercial sample has LMW proteins.  
2.1.3 Zein purification/white zein 
Most of the commercial zein is characterized for its bright yellow color due to 
xanthophylls and carotenoids. Showa Sangyo zein is the only commercial white zein. Showa is 
more expensive, but it might be more suitable for several applications than yellow zein. This 
distinctive feature of yellow zein might have limited its use. Color pigments seem to be 
associated with zein. Concentration of non-starch components in CGM, including pigments, are 
co-extracted with zein (Shukla and Cheryan 2001). Purity of zein represents a commercial 
challenge since due to the negative correlation between zein purity and yield.  
Efforts to remove color from zein dates from the late 19th century (Osborne 1891). 
Different solvents have been proposed (Mason and Palmer 1934; Carter and Reck 1970; 
Takahashi and Yanai 1994; Sessa et al. 2003; Kim 2013). Most of the solvents proposed were 
efficient at removing color, yet, it compromised protein yield or in some cases, use of non-GRAS 
solvents limited its use in applications related with human consumption.  
Other methods have been proposed to decolorize zein. Sessa and Palmquist (2009), 
proposed discoloration of zein by utilization of activated carbon and molecular sieves. Results 
showed that activated carbon produced from coconut hulls along with zeolite of 5 Å pore size 
adsorbed the least amount of protein compared to the adsorption of impurities. More recently, 
Sessa and Woods (2011), developed a purity evaluation method for commercial zein products 
after purification. Filtration of commercial samples, following the method described above 
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(Sessa and Palmquist 2009), lot-to-lot and batch-to-batch variation of color and odor can be 
reduced.  
Seeking high purity and high yield process are essential to increase the commercialization 
of zein. Kale et al. (2007), proposed a process for the simultaneous separation and purification of 
both xanthophyll and zein by means of chromatography. This method resulted in high purity 
(>90%) and high yield (90%) zein.  
2.2 ZEIN MOLECULAR STRUCTURE 
2.2.1 Zein fractions  
 Zein is comprised of four different fractions, α-, β-, γ- and δ-, of different molecular 
weight, amino acid sequence, and solubility (Coleman and Larkins 1999). α-Zein accounts for 70 
-85% of the total protein in zein (Thompson and Larkins 1989). Commercial zein is 
predominantly α- zein. As for the rest of the protein fractions, γ-zein amounts to 10-20% of zein, 
β-zein for 1-5% and δ- zein for 1-5% depending on corn genotype (Wilson 1991; Luo and Wang 
2014). α-Zein monomers have a molecular mass of 19 and 22 kDa. α-Zein is most commonly 
found as disulfide-bridged dimers (Momany et al. 2006). The individual β-zein strands have a 
molecular mass of 14 kDa, γ-zein of 16 kDa, and δ-zein of 10 kDa (Thompson and Larkins 
1989). α-Zein is soluble in 60-95% aqueous ethanol. However, solubility can be modified by 
deamidation or enzymatic modification (Nonthanum 2014). β-, γ- and δ-zein are soluble in 60% 
ethanol; yet, they are insoluble in 95% ethanol (Shukla and Cheryan 2001). According to Savich 
(1991), the hydrophobicity of zein is owed to its larger molecular weight peptides. Lower 
molecular weight fractions contain a lower percentage of non-polar amino acids (Nonthanum et 
al. 2012). Different nomenclatures have been proposed as seen in Figure 2.3. 
Lack of investigation and characterization of small fractions motivated Zhu et al. (2007) 
to study the fractionation of zein by size exclusion chromatography. Results showed separation 
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of a-zein in one column with low amounts of d- and b-zein. Addition of ammonium bicarbonate 
to the mobile phase (70% ethanol) facilitated the recovery of both b- and d-zein fractions.  
• a-Zein 
 Several 3D structural models have been proposed for α-zein. Argos et al. (1982) proposed 
a set of antiparallel repeating helices linked by turns rich in glutamine (Figure 2.4 A). Helices are 
grouped in a cylinder-like shape. Using a different technique, Matsushima et al. (1997) studied 
and adjusted Argos’ method, and proposed that α-zein occur as an elongated ribbon-like shape 
(Figure 2.4 B). By this adjustment, the glutamine turns provide the molecule with a hydrophilic 
character, while the faces containing the α-helices provide the hydrophobic character of the 
molecule (Wang et al. 2008). A third model was proposed by Momany et al. (2006), consisting 
of nine repeating units of 35-60% helical character and rectangular overall shape. The Momany 
model suggests that the helical repeats form a triple super-helix with lutein at its center to 
stabilize the protein structure  
(Figure 2.4 C). 
• g-Zein 
As mentioned before, zein is comprised of four different fractions; a-, b-, g- and d-zein. 
All of the fractions are deposited in the rough endoplasmic reticulum (ER). ER surrounds the 
protein bodies in the endosperm cells (Wu et al. 2010). b- and g-zein are located in the peripheral 
region of the protein bodies (PB), while a- and d-zein are predominantly stored in the center of 
the PB (Figure 2.5). 
PB in early stages is comprised mostly of b- and g-zein which are associated by disulfide 
bonds (Lopes and Larkins 1991). In mid stages, a- and d-zein penetrate the matrix of the b- and 
g-zein inducing the expansion of PB. As the size of the PB increases, g-zein and probably b- 
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organize the PB by retaining the a- and d-zein. Therefore, it is believed that the amount of g-zein 
might control the growth of the PB (Herman and Larkins 1999). Of these fractions a-zein is the 
most abundant and studied; most of the commercial zein samples is made of a-zein. However, 
characterization of g-zein, the second most abundant fraction, has been more difficult. g-zein is 
rich in cysteine and it tends to aggregate (Nonthanum 2014). 
Geli et al. (1994), pointed that g-zein is characterized by 3 distinctive domains (Figure 
2.6) : (1) a proline rich N-terminal region, known as g-ZNPRD which contains a repetitive 
VHLPPP sequence (2) a (PX)n central domain and (3) a large cysteine rich C-terminal domain. 
16-kD g-zein is located in between the 27kD g-zein and a-zein, the first one being in the outmost 
layer while the later takes the core of the PB. 27kD g-zein, by genome duplications, yields 16-kD 
g-zein. Mutations in 16-kD g-zein result in elimination of some proline repeats and part of the 
cysteine residues. This limited 16-kD g-zein to form PBs like 27-kD g-zein but has the ability to 
prevent full insolubilization (Mainieri et al. 2014, 2018).  
Recently, Nonthanum et al. (2012, 2013) investigated the effect of g-zein on zein 
rheological behavior. Gel formation, and shear thinning behavior was observed on samples rich 
in g-zein. While no gelation and a Newtonian behavior was observed on commercial zein 
samples low in g-zein. 
2.3 ZEIN PROPERTIES  
2.3.1 Solubility 
As mentioned before, zein is comprised of several protein fractions, α-, β, - γ-, δ-, which 
differ in solubility. According to Evans and Manley (1941), α- zein is insoluble in pure water, 
but soluble in other primary solvents such as formic acid. Secondary solvents such as mixtures of 
alcohol-water and acetone-water are also used (Manley and Evans 1943). Commercial zein is 
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easily dissolved in 60-95% aqueous ethanol. However, zein samples formed of not only α-, but 
also α-, β-, and γ- are typically soluble in 60% ethanol but insoluble in 95% ethanol (Nonthanum 
2014). Zein solubility in water can be increased by acid or alkaline deamidation; generally, these 
treatments are made with HCL or NaOH. The aim is to convert glutamine and asparagine amino 
acids into acids or their salt forms (Nonthanum et al. 2013). 
2.3.2 Rheological behavior 
Rheological properties of materials are defined by flow or deformation responses under 
stress (Barnes 2000; Tabilo-Munizaga and Barbosa-Cánovas 2005). Deformation responses 
could be viscous flow, elastic deformation, or a combination of both (Miri 2011). Determination 
of a polymer rheological behavior determines its processing ability (Zhang et al. 2011). 
• Flow behavior 
Viscosity is the tendency of a fluid to resist flow. Fluids are known as Newtonians, if 
their viscosity does not depend on shear rate, and non-Newtonians if they show shear rate 
dependence (Rao 2007). Flow models are mathematical equations are used to characterize 
rheological data. Newtonian model has the following equation:  𝜎 = 𝜂?̇? 
Where the shear stress (s) is proportional to shear rate (?̇?) and the data is characterized 
by the viscosity (h). One of the most frequently used models for non-Newtonian fluids is the 
power law: 𝜎 = 𝐾?̇?𝓃 
K (Pa.sn) is known as the consistency index, n is the flow behavior index and is used to 
describe the closeness to Newtonian flow, n=1. If n > 1 the sample is following a shear-
thickening behavior and if n <1 the fluid has a shear-thinning behavior.  
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Effects of factors such as temperature, concentration, solvent pH and ethanol content of 
solvent on zein flow behavior has been studied (Zhang et al. 2011; Nonthanum et al. 2012, 2013; 
Zhong and Ikeda 2012). Viscosity increased with an augmentation in zein concentration and 
decreased with rise of ethanol content of the solvent (Fu and Weller 1999). Similarly, Selling et 
al. (2005) observed a correlation between viscosity and zein concentration. Moreover, viscosity 
decreases with increase in temperature. Selling also found that using a good solvent to dissolve 
zein resulted in shear-thinning behavior. Viscosity of zein solutions decreased when moved away 
from neutral pH, with lower viscosities observed at alkaline pH (Zhang et al. 2011). More 
recently, Nonthanum et al. (2014) studied the effect of ethanol and pH on the rheological 
behavior of zein solutions. The authors compared 3 zein samples, a pure commercial sample and 
two samples with high content of γ-zein (29.6 and 32.3%). Consistency index (K) of commercial 
zein remain constant regardless of solvent pH. Yet, on samples high in γ-zein, K increased with 
increase in pH and was higher than commercial zein samples at the same pH due to aggregation 
promoted by γ-zein. Moreover, flow behavior index (n) of commercial zein showed a Newtonian 
behavior, this was previously observed by other authors as well (Fu and Weller 1999; Zhang et 
al. 2011). Interestingly, on samples rich in γ-zein Nonthanum et al. (2013) observed n values 
lower than 1, suggesting a shear thinning behavior. As pH increased the n value decreased. 
• Viscoelastic behavior 
Rheological studies are frequently applied to understand the transition from solution to 
gel. According to Flory (1953), a gel consists of polymeric molecules cross-linked to form a 
network immersed in a liquid medium. Crosslinking in gelation can be by chemical crosslinking 
of covalent reactions or by physical by means of polymer interactions (Tabilo-Munizaga and 
Barbosa-Cánovas 2005). Gels are viscoelastic materials; therefore, dynamic rheological tests are 
generally used to characterize gels, gelation and melting. According to Lopes da Silva and Rao 
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(2007), three types of dynamic test can be conducted: (1) frequency sweep, (2) temperature 
sweep and (3) time sweep. 
Swallen (1941a), defined zein gelation as a troublesome characteristic of zein. Gelation 
of zein will depend on solvent concentration, temperature and pH. Zhang et al. (2011), studied 
the effect of pH in viscoelastic properties of zein gels: zein solutions of high or low pH showed 
lower viscoelastic properties than zein solution made under neutral pH. Zhong and Ikeda (2012) 
attributed the viscoelastic properties of α-zein to the partial dissolution of zein in aqueous 
ethanol and swelling of partially solvated zein particles. Nonthanum et al. (2012), also studied g-
zein effect on zein viscoelastic behavior. Modulus data indicated that samples containing g-zein 
resulted in measurable gelation time, while samples a-zein did not. Moreover, using BME to 
break HMW oligomers on samples rich in g-zein resulted in decreased on gelation time, 
suggesting that amount of cysteine in g-zein aided the formation of disulfide bonds, and therefore 
gelation of zein (Nonthanum et al. 2012). Later Nonthanum et al. (2013), reported at 240 minutes 
of viscosity test, no gelation was observed for commercial zein samples with G” higher than G’. 
However, samples extracted from dry-grind operations and high in γ-zein had a liquid-like 
behavior (G”>G’) at the beginning of the test. Nevertheless, for both samples a cross over point 
was detected (G” = G’) indicating gelation, thereafter the samples had a solid like behavior (G” < 
G’). Change in pH did not affect the viscoelastic behavior of commercial zein. However, 
gelation time decreased with an increase in solvent pH on samples rich in γ-zein. Suggesting 
alkaline pH promotes aggregation. Authors concluded that zein extracted from dry-grind 
processes contains α-zein, but also γ-zein that makes it prompt to gelation.  
2.4 ZEIN APPLICATIONS 
Zein is finding a number of food applications in flavor encapsulation, moisture barrier 
films, and microwaveable foods. Below is a review of some of the most promising applications.  
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2.4.1 Packaging films 
Zein’s ability to form films is one of its most favorable applications. According to Shukla 
and Cheryan (2001), zein films are transparent, glossy, tasteless and resistant to both grease and 
microbial attack. Unplasticized zein films tend to be brittle and have low elasticity. Zein films 
owe their integrity to zein hydrophobic interactions (Guo et al. 2005). The evaporation induced 
self-assembly mechanism was studied by Wang and Padua (2010). During solvent evaporation, 
ethanol evaporates faster than water, which results in a hydrophilic environment. Thus, 
increasing zein-to-zein hydrophobic interactions. Research has been conducted to incorporate 
plasticizers and crosslinkers to modify film tensile characteristics (Jane and Spence 1995; Lai et 
al. 1997). The use of oleic acid to modify water vapor permeability of zein films was studied by 
Wang and Padua (2006). At low temperatures, stearic acid has a crystalline form, which results 
in low WVP. At higher temperatures, it changes to a liquid phase and results in higher WVP. 
Zein’s ability to form films is driven by the formation of hydrophobic associations, which 
force zein-zein interactions. Zein film characteristics depend on zein concentration, ethanol 
concentration of solvent and the use of plasticizers. Film formation is one of the most promising 
zein applications and surface film hydrophobicity is an important performance parameter. 
Wettability of zein films determines its application in food packaging or coating material for 
encapsulation. Dong et al. (2013), studied the controlled formation of hydrophobic surfaces by 
self- assembly of zein. Those authors concluded that by controlling the size of the zein spheres 
for the formation of self-assembled of monolayer (SAM), the hydrophobicity of zein films can 
be improved. Increasing the zein concentration resulted in higher size of the zein aggregates. 
This will result in higher roughness of the film surface. Further increasing of zein concentration 
induce the large size zein sphere to fuse into a film. This film was less rough, which resulted in a 
decreased in hydrophobicity of the zein film. Increased in ethanol solubility, also resulted in 
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higher hydrophobicity. Chen et al. (2014), studied the effect of different concentrations of 
ethanol and isopropanol on physicochemical properties of zein films. Increased the solvent 
ethanol or isopropanol content resulted in an increase in tensile strength of the zein film. 
Moreover, results showed higher hydrophobicity on zein films when prepared with ethanol than 
by isopropanol. Transparency of zein films was studied by Han et al. (2014). When dried, zein 
film showed good transparency. However, in a hydrated state they became opaque due to 
swelling. Zein film transparency was maintained, even after swelling, when treated by steam-
autoclaving (121 °C, 100% RH and 103.4 kPa for 20 minutes). Furthermore, they also observed 
changes in secondary structure of treated samples; amount of a- helix decrease and the amount 
of b-sheet increased. 
More recently, Gezer et al. (2016), developed a biosensor to detect peanut allergen, Ara 
h1, using surface enhanced Raman spectroscopy. Sensors were made using zein films. The 
nanophotonic arrangements on zein films consisted of gold coated pyramid structures. 
2.4.2 Encapsulation 
Development of delivery systems depends on the ability of materials to form spheres. 
Zein fractions contain both hydrophobic and hydrophilic amino acids (Nonthanum 2014). As 
mentioned before, due to its unusual amino acid sequence, zein has an amphiphilic character. 
The spontaneous formation of organized phases from disordered ones is known as self-assembly. 
Amphiphilicity is the main driving force for self-assembly (Löwik and van Hest 2004).  
Wang et al. (2008), studied the effect of hydrophilic and lipophilic compounds on zein 
micro structure. Upon ethanol evaporation, the polarity of the medium increased which promoted 
hydrophobic protein-protein interactions resulting in their self-assembly into films. Several 
mesophases where observed; spheres, sponge and lamellae. Wang et al. (2010) studied the effect 
of ethanol-water ratio and zein concentration on the morphology of the evaporation induced self-
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assembled (EISA) microstructures. With the building of a phase diagram the structural 
development was explained: microphase behavior of zein solutions governed the morphology of 
microstructures after solvent evaporation. Results obtained produced information of the 
necessaries conditions where microspheres are formed; 0.25-5 mg/mL zein mass fraction in 70% 
ethanol. At higher concentrations, zein spheres connected, melted or were deformed into new 
geometries. Wang and Padua (2012) investigated the self-assembly mechanism of zein by 
analyzing its conformational changes. Based on observations made using circular dichroism 
(CD) and transmission electron microscopy (TEM) Wang and collaborators proposed 4 steps 
(Figure 2.7) for the formation of zein self-assemble structures: (1) decrease in a-helices (80-
15%) in to b-sheets (0-33%),(2) packing of b-sheets into strips, (3) coiling of strips into rings, 
and finally (4) the growing of rings into nanospheres. 
Wang et al. (2013) further characterized the core-shell structures utilizing zein as a wall 
material. Utilizing citral and lime flavor as a core material, investigation found that the mass 
ratio of core and wall materials affected the structure formation of the capsule; these were only 
observed at a specific ratio (0.66-0.88 mg lime/mg zein). Moreover, ethanol solvent content also 
affected the sphere structure and was only formed between 70-80% ethanol, any deviation above 
or below this range affected the final structure; higher concentrations core and wall material 
became miscible and a continuous film was formed. At low ethanol concentrations, the polarity 
of the media resulted in an increased interfacial tension between wall and core material, which 
avoided the formation of the sphere. Guardiola (2011), utilized zein to matrix assisted 
concentration and microencapsulation of lime juice utilizing zein as a coating material. 
Microencapsulation was done through evaporation induced-self assemble. Texture, color and 
flavor retention of lime juice also depended on the zein-lime juice ratio. Zhang et al. (2014), 
studied the nanoparticle formation of thymol in zein. Moreover, investigation studied the 
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effectiveness of sodium caseinate and chitosan hydrochloride on stabilizing zein capsules. 
Stabilized zein nanoparticles improved the encapsulation efficiency for thymol. 
The desire to improve zein films properties to obtain a similar profile to that of synthetic 
films have impulse the investigation of zein films with nanocomposites. More recently, Ferreira 
et al. (2018), studied the spontaneous microencapsulation of geraniol in zein. Both wall and core 
material where dissolved in ethanol-water mixture. Encapsulation was later done in one step 
phase separation process by addition of water.  
2.4.3 Aggregation agent 
Several properties of zein make it suitable as a biodegradable polymer. Among its many 
use is as an aggregation media as a possible bio-plastic container. The increase in environmental 
concern has brought with it a demand on new ecofriendly containers. Producers now face the 
challenge of producing economically viable, bio-renewable products. One of the most promising 
applications for zein is as a biodegradable plastic.  
Many areas in agriculture practices have tried to incorporate biodegradable containers in 
their market; biodegradable food containers, food service articles and biodegradable film covers. 
However, large amounts of plastics keep been utilizing like plant pots, and nursery trays 
(Kolybaba et al. 2003). Biodegradable options, paper or clay, have been considered. However, 
they are quick to lose structure when exposed to water, they have low water resistance, and thus 
become fragile. One of the main characteristics of zein its in insolubility in water, which can 
change if mixed with ethanol, high concentrations of urea, alkaline medium or anionic detergents 
(Shukla and Cheryan 2001). Imam and Gordon (2002), studied the biodegradation of corn co-
products. Investigation showed that compost with 40°C, neutral pH, and 50-60% moisture were 
the ideal conditions for zein biodegradation. This provides zein with advantage over other water-
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soluble proteins which would not be able to resist the high humidity typical of horticulture 
process.  
Helgeson et al. (2009), investigated the degradation and nitrogen release of zein 
containers. Zein resin was put into molds and bake to obtain a uniform shape. Study found zein-
based containers to be suitable for plants with production cycle between 1-3 month. Moreover, as 
much as 208 mg N-Kg-1 was observed in leachable water after irrigation of zein based- 
containers, much more than the amount of N found in fiber or peat containers. Similar results 
were obtained by Su (2010). Moreover, Helgeson et al. (2010), evaluated the growth of geranium 
utilizing the zein-based containers. Plants in zein containers had dark green leaves, even when no 
fertilization was done. However, more investigation is needed to control the release of N, which 
might cause root inhibition. 
2.4.4 Resin (dough) 
Zein-based resin has been studied and used for the development of flexible films (Lai et 
al. 1997). It has even been suggested as a possible a chewing gum base, an alternative to the 
already used synthetic gum base.  
The increased occurrence of diseases related with gluten allergies, the ability to zein to 
form resin/dough has caught the attention as a possible protein to develop low or gluten free 
bread.  
Formation of zein-starch composite was studied by Lawton (1993), Investigation found 
that viscoelastic behavior of dough composite was comparable with the one obtained from wheat 
flour dough. Additionally, research found that Tg of zein was essential to obtain the desirable 
dough viscoelasticity; only obtained when dough was mixed above zein Tg. The ability of wheat 
to form viscoelastic conditions required for bread making, are due to its proteins. Mejia et al. 
(2007) studied and compared the secondary structure of viscoelastic polymers of zein and wheat 
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gluten proteins. After mixing the dough at 35°C the secondary structure of zein is rearranged 
from predominantly a-helices to b-sheet structures. Similar structural changes occur in gluten 
proteins. However, zein failed to maintain the viscoelasticity as the b-sheet content decreased 
from around 48-28% in 3 minutes. Mejia et al. (2012), studied the effect of using co-proteins to 
stabilize the b-sheet structure of zein. Study found that addition of small amounts of HMW 
glutenin or casein can stabilize b-sheet structure providing the dough with similar viscoelastic 
characteristics to that of wheat gluten dough. Sly et al. (2014), further studied the development 
and improvement of zein-corn starch and zein-rice flour dough using lactic acid and acetic acid. 
Results showed that both dough mixtures were able to hold air and be inflated into a bubble. 
Foam development in zein starch dough was investigated by Berta et al. (2015). To decrease the 
Tg of zein, various concentrations of citric acid were used. Investigation found that low viscosity 
of dough was essential for bubble nucleation, however at very low viscosities the cell walls 
collapsed. Moreover, no leavening agent was used, and no proofing was done. Therefore, 
expansion and cell formation were driven by the phase transition of water in the dough. 
Moreover, cell structure depended of initial viscosity, drying and hardening at high temperatures.  
Zein ability to form foam-like structures has also been studied as possible biodegradable 
packaging material with features similar to those of expanded polystyrene foam, or incorrectly 
but most commonly known as Styrofoam. Gillgreen et al. (2010), studied the impact of resin 
rheology on zein foam properties. Zein resin was formed using 70% ethanol and different 
amounts of oleic acid, as plasticizer. Resin was kneaded by hand, placed in a mold and finally 
placed in an oven at 175°C for 20 min. High concentrations of plasticizer decreased the resin 
viscosity which turn in coalescence of pores. Salerno et al. (2007), studied and characterized 
thermoplastic foams from zein and gelatin. Protein powders where mixed with plasticizer and 
melt-mixed to obtain a thermoplasticized protein-based materials. Foam was formed with a 
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mixture of CO2 and N2 as blowing materials. Results showed that cellular morphology of foam 
could be modulated by controlling the temperature, pressure and pressure drop rates. Similar 
thermoplastic technique was applied by Verdolotti et al. (2015) to develop a bio-hybrid foam by 
silesquioxanes cross- linked thermoplastic zein films. Hybrid materials (Zein- 3-
glycidoxypropyltrimethoxysilane) were foamed by gas foaming or by supercritical carbon 
dioxide (CO2) drying.  
Chanvrier et al. (2015), used X-ray tomography to study the foam properties of extruded 
maize flour and biopolymer blends (zein and starch) expanded by microwave. Samples were 
prepared by extraction or press molding. Samples were conditioned at 59% RH, until they 
reached equilibrium. 2 g of each samples were expanded by microwave heating. Addition of zein 
to starch or flour resulted in increased of elongational viscosity probably by particle 
reinforcement. Foams of different densities where obtained after microwave, but all of them of 
thinner cells compare to those of foams obtained from direct extruded foams. 
2.4.5 Tissue scaffolds  
Zein ability to form various microstructures has been studied as a potential material for 
the formation of scaffolds for tissue engineering. Scaffolds materials should be able to form 
organized porous structures, provide good mechanical support as well as good permeability and 
diffusion properties. Moreover, scaffold material should be biocompatible with the desirable cell. 
According to Hollister (2005), denser scaffolds tend to offer better function, while porous 
scaffold results in better biofactor delivery.  
Composites of PLC and thermoplastic zein were investigated as a possible scaffold for 
bone regeneration by Salerno et al. (2010). Investigation focused in the development of 
biodegradable scaffolds for bone tissue engineering (bTE), using super critical CO2 to induce 
foaming. Porosity and pore size distribution of scaffolds were determined by the foaming 
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temperature Tf. Adhesion and colonization of both osteoblast-like MG63 as well as human 
mesenchymal stem cells (hMSCs) to scaffolds were observed in in vitro study. A similar study 
was conducted by Zhou et al. (2014), zein- base c scaffolds were made with the addition of silica 
and HACC to produce an anti-infective composite. Scaffolds were loaded with recombinant 
human bone morphogenetic protein-2 rhBMP-2. Porosity of scaffolds increased when zein was 
mixed with either HACC or silica, while the comprehensive strength of the scaffolds decreased. 
3D micro-CT technique and histological analysis showed that a composite scaffold with all three 
materials significantly promote bone reparation in the rabbit model used.   
Zhang et al. (2017), studied the effect of three sterilization methods on porous zein 
scaffolds. Study found that sterilization by dry-heat or moist-heat affected the peptide chain of 
zein. Moreover, they concluded that the most effective sterilization was by g-ray at 25 kGy. 
Biocompatibility of zein with cells, cell spreading and viability was studied by Cui et al. 
(2016). Zein coated on oxygen plasma treaded glass were able to improve cell spreading a 
viability of 3T3 cells when compared with uncoated glass surfaces. Investigation suggested that 
the improvement in cell spreading was due to cross-linking between the glutamine rich surface of 
zein and transglutaminase (tTG) excreted from 3T3 cells. Recently, Cui et al.(2018), investigated 
the attachment of MDA-MB-231 and HeLa cells to zein nanostructures. Both cells are typically 
used as cancer cells surrogates. Zein films improved cell spreading and adhesion of cells. 
Furthermore, additional treatment with tTG further improved cell spreading. HeLA cells showed 
compatibility with zein surfaces further suggesting the importance of glutamine domains in zein 
with cell interaction. There is a potential biomedical use of zein as scaffold to regenerate bone 
and cartilage, and as a biomaterial to improve cell spreading and viability.  
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2.5 FIGURES 
 
 
 
Figure 2.1 Process for production of zein from corn gluten meal a) Carter and Reck (1970), b) Swallen (1938, 
1941a, b). Adapted by Shulkla and Cheryan (2001). 
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Figure 2.2. COPE process for zein extraction from whole grain (Cheryan 2002). 
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Figure 2.3. Zein nomenclature by Mckinney (1958), Esen (1987) , Tsai (1980), Wallace et al. 
(1990), Landry and Moureaux (1970), and Wilson (1987, 1991). Modified by Prairie Gold 
(2018). 
 
 
 
 
 
 
 
Figure 2.4. Zein structural models as proposed by: (A) Argos et al. (1982), (B) Matsushima et al. 
(1997), and (C) Momany et al. (2006). 
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Figure 2.5. Diagram of the distribution of zein fractions in early, mid and mature protein bodies 
(Holding 2014). 
 
 
 
 
 
 
Figure 2.6. Amino acid sequence of 27-kD g-zein and 16-kD g-zein (Mainieri et al. 2018). 
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Figure 2.7. Proposed mechanism for zein self-assembly. TEM image a) transformation of a-
helices into b-sheets; b) peptide unfolding into a chain of b-sheets; and c) b-sheets chains coiled 
into 3D columns with polyhedral cross-sections (Wang and Padua 2012). 
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CHAPTER 3: ZEIN QUALITY CHARACTERIZATION 
3.1 INTRODUCTION   
The US, a world leader in corn production, is also a major ethanol producer. In 2016, the 
US manufactured 60% of the fuel ethanol produced worldwide (Renewable Fuels Association 
2016). Domestically, 90% of the ethanol production is manufactured using dry grind technology. 
In this process, only the starch fraction of the corn grain is utilized. The rest of the solids: 
protein, oil, and fiber end up forming the distiller’s dried grains (DDG) or distiller’s dried grains 
with solubles (DDGS). Due to its high content in nutrients, these two byproducts are mostly used 
for animal feed. However, about one tenth of DDGS produced is wasted.  
DDGS consists of 8-11% oil, 25-30% protein, and 9-16% cellulose and other 
carbohydrates (Loy and Wright 2003). Zein, the prolamine of corn amounts to 44-79% of the 
protein in the endosperm (Lawton 2002) or about 50% of DDGS protein. The substantial amount 
of zein present in DDGS has the potential to be extracted and utilized in a number of applications 
(Xu et al. 2007; Chatzifragkou et al. 2015).   
Zein is not soluble in water. However, it can be dissolved in aqueous ethanol, in high 
concentrations of urea, as well as high concentrations of alkaline or anionic detergents (Shukla 
and Cheryan 2001). Zein is comprised of four different fractions, α-, β-, γ- and δ-, of different 
molecular weight, amino acid sequence, and solubility (Coleman and Larkins 1999). α- Zein 
monomers have a molecular mass of 19 and 22 kDa. α- Zein is most commonly found as 
disulfide-bridged dimers (Momany et al. 2006). The individual β-zein strands have a molecular 
mass of 14 kDa, γ- zein of 16 kDa, and δ-zein of 10 kDa (Thompson and Larkins 1989). α-Zein 
is soluble in 60-95% aqueous ethanol. However, solubility can be modified by deamidation or 
enzymatic modification (Nonthanum 2014). β-, γ- and δ-zein are soluble in 60% ethanol; yet, 
they are insoluble in 95% ethanol (Shukla and Cheryan 2001). According to Savich (1991), the 
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hydrophobicity of zein is owed to its larger molecular weight peptides. Lower molecular weight 
fractions contain a lower percentage of non-polar amino acids (Nonthanum et al. 2012). 
Commercial zein is mostly extracted from corn gluten meal (CGM), a co-product of the corn 
wet-milling process (Shukla and Cheryan 2001). The first step in corn wet-milling is the steeping 
process. The main goal of the steeping process is the separation of fiber and germ to facilitate the 
removal of starch. To accomplish this, a reducing agent such as SO2 is used. Sulfur dioxide 
breaks disulfide bonds holding β-, γ-, δ- zein together (Cox et al. 1944; Paulis and Wall 1977; 
Shukla and Cheryan 2001; Nonthanum et al. 2012). Thus, these fractions are discarded with the 
steep water. 
The substantial amount of zein present in DDGS has the potential to be extracted and 
utilized in multiple applications (Xu et al. 2007; Chatzifragkou et al. 2015). Different processes 
for zein extraction from DDGS have been proposed. Yet, many face problems caused by 
processing parameters, which include used of high temperatures and mechanical force for long 
periods of time (Bothast and Schlicher 2005; Robertson et al. 2006), which could affect zein 
structure and quality (Kwiatkowski et al. 2006). Zein extractions from DDGS tend to show low 
zein yields, even with the use of a reducing agent (Wolf and Lawton 1997). To increase yields, 
two steps were proposed by Singh et al. (2005), where germ and fiber were eliminated before the 
grind process. As reported by Kim et al (2008), DDGS produced by Singh's modified process has 
a higher protein content than zein produced by the conventional process. Non α-zein fractions are 
included in the extract due to the lack of a steeping step in the extraction process. Nevertheless, 
Xu et al. (2007) extracted a zein sample where the protein profile resembled that of a commercial 
sample. Moreover, protein content was also similar to the commercial sample. However, samples 
extracted from DDGS contained high molecular weight proteins, while commercial samples 
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show low molecular weight proteins. However, no commercial samples have been produced by 
any of these methods.  
The objective of this chapter was to investigate the impact of extraction conditions on 
solubility, protein content, and protein fractions content of zein extracted from beer solids (BS) 
from a dry grind process. 
3.2 MATERIALS AND METHODS 
3.2.1 Materials 
Distillers’ dry grind beer solids were obtained from POET (Sioux Fall, SD). Ethanol (200 
proof) from Decon Laboratories Inc. (King of Prussia, PA). Sodium hydroxide (NaOH) and 
hydrochloric acid (HCl) were both from Fisher Scientific (Waltham, MA). Protein fractions were 
determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), which 
employed 8-16% Tris-HCl precast polyacrylamide gel, 2x Laemmli sample buffer (65.8 mM 
Tris-HCL, pH 6.8, 26.3% (w/v) glycerol, 2.1% SDS, 0.01% bromophenol blue), 10X 
Tris/glycine/SDS running buffer, and Precision Plus Protein Dual Xtra standard from BioRad 
laboratories (Hercules, CA). Invitrogen TM NovexTM SymplyBlueTMSafeStain purchased from 
Thermo Fisher Scientific (Waltham, MA). Zein from Showa Sanyo. Ltd. (Tokyo, Japan) was 
used as a reference in SDS-PAGE analysis. 
3.2.2 Zein extraction 
 Four different extraction conditions were considered: Solvent water to ethanol ratio, 
solvent pH, extraction temperature and time (Table 3.1). Extraction conditions were selected, 
based on parameters used commercially. A total of twenty-four treatments were applied. 
 Beer solids (Appendix A) were added to pre-set amounts of solvent and heated to the 
desired extraction temperature and held the pre-set extraction time. If the sample was extracted 
under alkaline conditions, NaOH was added to the solvent at 30°C, preceding the addition of 
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beer solids. To induce solids separation, the slurry was centrifuged (RC5C, Sorvall Instruments, 
Newton, CT) at 12,000 RPM for 15 minutes. Protein precipitation was promoted by storing the 
supernatant, containing the extracted zein in suspension, at -8°C for one week. Zein was 
collected and washed with DI water. A desolvation step was added to further reduce the ethanol 
content of the samples in preparation for freeze-drying. Zein suspensions in water were frozen (-
16°C) before lyophilization (Labconco Freezone 6 Liter Freeze Dry System, Laconco 
Corporation, Kansas City, MO). Dry powders were collected and ground. Samples extracted 
under alkaline conditions were neutralized with hydrochloric acid to pH 4.5-5 right after the 
desolvation step. 
 To facilitate sample identification, extracted zein samples were coded in the following 
manner: the first two characters in the code were assigned according to the solvent pH; N0 
denotes a sample extracted under non-alkaline conditions, while N3 specified the use of NaOH at 
3.5%. The following two characters, a set of numbers, represent the ethanol solvent content (%) 
used in the extraction. The third two-set of numbers represents the temperature of extraction 
(°C), and, the last two-set represent the extraction time (minutes) (Table 3.2).  
3.2.3 Solubility 
 Extracted zein samples were dispersed (10% w/v) in 70% ethanol and stirred for 2 hours 
at room temperature. To prevent solvent evaporation, samples were covered with parafilm while 
stirring. Upon stirring, samples were centrifuged (IEC Central CLA, Thermo Scientific Inc., 
Waltham, MA) for 10 min at 4200 RPM. The supernatants containing zein were placed in 
aluminum pans. Samples were held at room temperature to dry for 2 days. Dried samples formed 
a film. To eliminate remaining water in the films, they were placed in a conventional oven (The 
Grieve Corporation Laboratory oven L0-200C, The Grieve corporation, Round Lake, IL) at 100 
°C for 30 minutes. To reduce water absorption and maintain sample stability, films were stored 
 
 
39 
in desiccators containing “dry-rite” (W.A. Hammond Drierite Co., LTD, USA). Solubility was 
calculated from the difference between the total mass of initial solute and total mass of dissolved 
solute. Tests were performed in triplicates. 
3.2.4 Protein content by combustion method 
Extracted zein samples were weighed (135 mg) and compressed to form tight capsules. 
Those were placed in an Elementer Rapid N-cube protein/nitrogen equipment (Elementar 
Americas Inc., Mt Lautel, NJ) following the AOAC method 993.23. Combustion of zein capsules 
was done at high temperature in pure oxygen. Protein content was calculated from the nitrogen 
measured using 6.25 as conversion factor. Tests were performed in duplicates. 
3.2.5 Color characterization by colorimeter test 
Color of extracted zein samples was measure with a Labscan 6000 colorimeter (Hunter 
Associates Laboratory, Inc., Reston, VA). A Petri dish (Fisherbrand Ô, Thermo Fisher 
Scientific, Waltham, MA) was filled with 2 grams of zein powder. L*, a*, and b* parameters 
were evaluated. Measurements were taken in duplicates. 
3.2.6 Separation of protein fractions by Sodium Dodecyl Sulfate Polyacrylamide Gel 
Electrophoresis (SDS-PAGE) 
 SDS-PAGE was conducted to separate fractions based on their apparent molecular 
weight, which allowed fraction identification. Zein (1% w/v) was dissolved in 70% ethanol. A 
zein/ethanol solution of 1:3 ratio was diluted with 2x Laemmli sample buffer with 5% of 2-
mercaptoethaol (BME). This new solution was heated in boiling water for 3 min. A volume of 
sample containing 15μg of protein was added to a precast gel (8-16% Tris-HCL) using 
Tris/glycine/SDS as a running buffer. Gel ran for 30 minutes at 200V. A Precision Plus Protein 
Dual pre-stained protein standard was used as molecular weight reference. The gel was then 
washed with DI water for 10 minutes and stained over night with Coomassie Blue. A final wash 
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to distain the gel was done with DI water. A Kodak Image Station 440 CF (Eastman Kodak Co., 
New Haven, CT) was used to obtain SDS-PAGE images. Carestream Molecular Imaging 
software (Carestream Health, Inc., Woodbridge, CT) was utilized to analyze the net intensity of 
each band in the gel. The percentage of each fraction was calculated by dividing the intensity of 
each band by the total intensity of the whole lane, multiplied by 100. 
3.2.7 Statistical analysis  
Data analysis was generated using SAS software, version 9.4 Copyright Ó 2002-2012 SAS 
Institute Inc. SAS and all other SAS institute Inc. product or service names are registered 
trademarks of trademarks of SAS institute Inc. Cary, NC, USA. To determine the effect of the 
extraction on zein microstructural behavior, ANOVA analysis was performed using the MIXED 
procedure. To calculate sample treatments a Least Square Means statement was used. The PDIFF 
option with a Tukey adjustment was used to request the differences of LS-means of fixed effects 
and their interactions. Significant threshold was held at P<0.05. Normality was verified by 
UNIVARIATE statement. Tests were done in duplicates or as noted. 
3.3 RESULTS AND DISCUSSION 
3.3.1 Solubility 
The solubility of extracted zein samples is shown on Table 3.3. Three out of the four 
extraction parameters have a significant effect on zein solubility (Table 3.4). Ethanol content had 
a significant effect on solubility of extracted zein samples (P<0.001). Statistically, there was not 
a significant difference (Figure 3.1) between zein samples extracted with 55% and 70% ethanol 
(P=0.1538). However, solubility of zein samples extracted with both 55% and 70% ethanol are 
significantly different from samples extracted with 90% ethanol (P<0.001). Overall, zein samples 
extracted with 70% ethanol have highest solubility of all, followed by samples extracted with 
55% and 90% ethanol. Zein shows its highest solubility in 70% ethanol/water. Dong et al. (2013) 
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observed low zein solubility when the content of ethanol moved away from 70%. This is also 
supported by an early study conducted by Shukla and Cheryan (2001), where they studied the 
effect of ethanol content on zein solubility. According to this study, zein has a maximum 
solubility at 70% ethanol and continually decrease when the concentration is moved up or down 
from it. Wang and Padua (2010) reported similar results in their study. The low solubility of 
samples extracted using 55% and 90% may be attributed to the zein fractions extracted. A high 
content of γ-zein was expected to be extracting using 55% ethanol, while a high content of α-zein 
was expected on samples extracted using 90% (Esen 1986; Parris and Dickey 2001; Cookman 
and Glatz 2009). Thus, dissolving these factions in 70% ethanol might have created precipitation 
or aggregation of these fractions. Whereas, all fractions extracted with 70% ethanol where 
expected to be in solution at that same solvent content. Thus, samples extracted and dissolved in 
70% ethanol were expected to have highest solubility. Another possible cause for the low 
solubility presented in samples extracted with 55% ethanol might be due to the extraction of 
other proteins, such as glutelins and their possible interaction with zein. While the low solubility 
of zein samples extracted with 90% might be due to a possible co-extraction of oil and its 
association with zein fractions. According to Wu et al. (1997) referring to the extraction of zein 
from CGM, the author attributes the lack of solubility to the hydrophobic interactions between 
zein and other corn compounds such as other proteins or lipids, which also result in lower 
extraction efficiency. 
The use of sodium hydroxide to produce an alkaline medium for extraction had a 
significant effect (P< 0.001) on zein solubility (Figure 3.1). Solubility of zein extracted in non-
alkaline conditions is higher than samples extracted under alkaline conditions. In a study 
conducted by Parris and Dickey (2001), different extraction conditions were used to extract zein 
samples from dry milled corn. They found that solubility of zein samples was only affected when 
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an alkali was used for extraction. They concluded alkali media was inducing protein aggregation, 
primarily thought disulfide bonds.  
Extraction time (P<0.001) had a significant effect on extracted zein solubility. Samples 
extracted for 60 min presented higher solubility than samples extracted for 30 min. Zein quality 
and solvent efficiency for protein extraction might require extractions longer than 30 minutes. 
Extraction temperature (P=0.5284) had no significant effect on solubility of extracted 
zein samples (Figure 3.1). However, studies conducted by Xu et al. (2007) and Gu et al. (2016) 
showed that solubility improves with an increase in temperature by breaking the disulfide bonds 
between protein-protein and protein-polysaccharides interactions. Perhaps choosing a much 
higher range of temperature for extractions might have resulted in a higher solubility at a risk of 
compromising other zein quality parameters. 
Extraction pH-time and extraction temperature-time did not have significant effects on 
extracted zein samples. The interaction between NaOH and ethanol is significant for all ethanol 
content. However, is much more significant for samples extracted with 55% (P<0.0001) and 70% 
(P<0.0001) compared to samples extracted with 90% ethanol (P=0.0297). There is a decrease in 
solubility for samples extracted with both 55% and 70% ethanol under alkaline conditions. 
However, for samples isolated using 90% ethanol, solubility increased with an increase in 
solvent pH. Thus, the influence of NaOH on solubility depended on the amount of water present 
in the solvent.  
Ethanol and temperature interaction were only significant for samples extracted using 
90% ethanol (P=0.0250). The evaporation rate of 90% ethanol was probably accelerated due to 
the increase in temperature. If the ethanol content changed due to an increase in temperature, a 
lower and inconsistent yield of zein might have been extracted. Thus, affecting sample solubility. 
Ethanol and time interaction was not significant for samples extracted using 55% (P=0.5413). 
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However, for samples with 70% (P=0.0013) and 90% (P<0.0001) the interaction was stronger 
with higher ethanol content. In both cases, longer extraction times resulted in higher solubility.  
3.3.2 Protein content  
 Table 3.3 show the protein content of samples as affected by the ethanol content of the 
extraction solvent. Similarly, to results obtained for solubility data, only three out of the four 
extraction conditions affected zein protein content. Ethanol content in the solvent (P<0.001), the 
application of NaOH (p<0.001) to alkalize the extraction medium, and extraction time 
(P=0.0027) had a significant effect on protein content of extracted zein samples (Table 3.4). 
Protein content of extracted samples was significantly different with respect to ethanol content 
(Figure 3.2). Protein content tends to increase as ethanol content in the solvent increases from 
55% to 70%. However, the amount of protein extracted decreased from 70% to 90% ethanol 
content in the solvent. The low protein content of extractions made with 55% and 90% ethanol 
might be due to the low solubility of some zein fractions at these concentrations (Nonthanum 
2014). Protein content of samples extracted using 70% ethanol is significantly different of 
samples extracted with 55% (P=0.0036) and 90% (P<0.001). Similarly, protein content of 
samples extracted with 55% ethanol is significantly different from that of samples extracted with 
90% aqueous ethanol (P=0.0051). Overall, samples extracted with 70% ethanol have the highest 
average protein content, while samples extracted with 90% ethanol show the lowest average 
protein content of all extracted samples. Comparable results obtained by Bandara et al. (2011) 
showed that protein content was highest at 60% ethanol and lowest at 90% ethanol. On the other 
hand, a study conducted by Anderson (2011) reported similar results on protein content for 
samples extracted with 70% ethanol. 
Unlike solubility, extractions made in an alkaline medium resulted in samples with higher 
protein content. Xu et al. (2007) reported lower solubility of zein extracted near its isoelectric 
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point of 6.2. Hence, changing the pH up or down its isoelectric point will change the overall 
charge of the proteins, which may have resulted in an increase in protein content. Therefore, it is 
assumed that the solubility of other proteins presents in beer solids increased by the use of an 
alkaline extracted medium and more protein was extracted. 
 Longer extraction times also affected the amount of protein extracted. Protein content 
decreased with an increase in extraction time (Figure 3.2). Extraction temperature (P=0.055) 
does not represent to be a significant factor on protein content for extracted zein samples (Figure 
3.2). Similar to the trend observed in solubility data, the interaction between NaOH-Time 
(P=0.6052) and Temperature-Time (P=0.3373) did not have a significant effect on zein protein 
content.  
The interaction Ethanol-NaOH had a significant effect (P=0.0002) on protein content 
(Table 3.4). This results is in agreement with those of Bandara et al. (2011). The increase in 
protein content in alkaline medium is significant for samples extracted with 55%, 90% ethanol 
(P<0.001) and 70% (P=0.0059). As mentioned before, it is believed that the increase in protein 
content of samples extracted with NaOH might be due to the extraction of other proteins, 
possibly glutelins. Glutelins are also soluble in alkaline medium (Zheng et al. 2015). Disulfide 
bonds and hydrophobic interactions play an important role in glutelins supra-molecular structure 
(Paraman et al. 2006; Zheng et al. 2015). Thus, the increase in protein content for samples 
extracted using NaOH might be due to extraction of glutelins alongside with zein. If that is the 
case, an increase in hydrophobicity of extracted samples can be expected and with that, a lower 
solubility of samples extracted using an alkaline medium. 
On samples extracted with NaOH there was a decrease in protein content with an increase 
in ethanol solvent content. Meaning the effectiveness of protein extraction is affected by the 
amount of water present in the solvent. Ethanol- extraction Temperature (P=00005) and Ethanol-
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extraction Time (P=0.0001) showed significant interactions. However, only samples extracted 
with 90% ethanol had a significant effect with temperature (P<0.0001) and time (P<0.0001). 
Thus, the effect of Ethanol- Temperature and Ethanol- Time interactions and the effect of time in 
this set of data is due to the higher effect of 90% ethanol. The ethanol evaporation rate of the 
90% ethanol solvent might have been affected by both temperature and time, therefore solvent 
ability to extract protein might have been compromised.  
Overall, protein content of all 24 samples is lower when compared to the protein content 
of commercial zein samples extracted form CGM with around 96% protein. Denaturation of 
protein during dry-grind process by enzymatic activity, temperature, and by acidification might 
be the affecting protein solubility to ethanol (Wu et al. 1981; Bothast and Schlicher 2005; 
Cookman and Glatz 2009). 
3.3.3 Zein color  
All extracted zein samples were yellow (Table 3.3). Yet, it was observed that color 
intensity increased with ethanol solvent content. All three color parameters were affected by 
ethanol solvent content; L* (P<0.0001), a* (P=0.0149) and b*(P<0.0001); By Alkaline 
extraction conditions; L* (P<0.0001), a* (P<0.0001) and b*(P=0.004); and by Ethanol and the 
use of NaOH for alkaline extraction; L* (P=0.0001), a* (P= 0.0010) and b*(P<0.0001) (Table 
3.4). Samples became lighter when the ethanol solvent content changed from 55% to 70% 
ethanol. However, samples extracted with 90% ethanol were darker than samples extracted with 
55%. Both 55% and 70% ethanol are similar (Figures 3.3, 3.4, 3.5) for parameters a* and b*. 
However, the use of 90% ethanol resulted in samples more yellow/orange than the samples 
extracted with both 55% and 70%. High solvent content of ethanol has been associated with the 
extraction of vegetable oil. Chien et al. (1990) studied the removal of oil from dried ground corn 
using ethanol solvent content from 85-100%. Results from their investigation showed an increase 
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in oil extracted with an increase of ethanol solvent content used. Similar results were previously 
found by Chen and Hoff (1987). More recently, Gu et al. (2016) reported an increase of protein 
content when carotenoids were extracted from zein by using anhydrous ethanol. This confirms 
the results previously reported by Wolf and Lawton (1997). Their study the low amount of 
protein content in samples was believed to be due to the extraction of lipids and pigments along 
with protein.  
The use of NaOH to modify the pH of the extraction medium resulted in lighter samples, 
less red and less yellow. Ethanol-NaOH interaction had a significant effect on sample color for 
all factors regardless of the ethanol solvent content.  
3.3.4 Sodium Dodecyl Sulfate Polyacrylamide Gel (SDS-PAGE) 
SDS-PAGE was used to separate and identify zein fractions extracted with 55, 70, and 
90% ethanol based on their apparent molecular weight (Figures 3.6, 3.7, 3.8, respectively). 
Fraction percentages were obtained from band intensities. The first lane, from left to right, is the 
Precision Plus Protein Dual Xtra standard. Next lane contains Showa, a commercial zein of high 
purity, used here as a control.   
Figure 3.6 shows the SDS-PAGE gel of samples extracted with 55% ethanol. Table 3.5 
reports on protein fractions (%) of all eight treatments extracted with 55% ethanol. All samples 
have a high amount of α- zein, both α-19 and α-22, and a substantial amount of γ-zein. However, 
the percentage of γ-zein was reduced with the use of NaOH. Additionally, all samples contain 
high molecular weight (HMW) oligomers. Samples extracted under alkaline conditions resulted 
in a higher amount of high molecular weight oligomers. Therefore, based on the reduction of γ-
zein, and considering the location of the high molecular weight bands this could be dimers of α-
zein (Cabra et al. 2006; Anderson and Lamsal 2011; Gu et al. 2016), an aggregation of γ-zein, or 
a combination of both. Cabrera et al. (2006) studied the process of oligomerization of α19-zein. 
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The study concluded that α19 has a tendency to oligomerization due to its hydrophobic character 
and by disulfide-crosslinking. Oom et al. (2008) reported HMW bands on zein, which faded with 
the use of a reducing agent. 
Samples extracted with 70% ethanol (Table 3.6 and Figure 3.7) presented a similar trend 
as that of samples extracted with 55% ethanol. As shown in Table 3.6, samples extracted with 
70% have a significant content of both α-19 and α-22 zein, regardless of the pH of the medium 
used for extraction. γ-Zein was present only on samples extracted under non-alkaline conditions. 
Contrasting with samples extracted with 55%, no γ-27 was extracted with 70% ethanol, only γ-16 
zein. All samples resulted in the extraction of high molecular weight bands. Again, the use of 
NaOH to alkalinize the extraction medium resulted in an increase of the high molecular weight 
bands. This further supports the hypothesis stated previously; the use of NaOH promotes 
aggregation of γ-zein and thus the increase of HMW oligomers in those samples. Xu et al. (2007) 
extracted zein from DDGS. In their study HMW oligomers were also extracted. The author 
attributed them to a possible crosslinking of the proteins during DDGS production. Similarly, in 
a study conducted by Parris and Dickey (2001), zein samples were extracted using corn form a 
dry- milling operation. The study found that solubility was affected for samples extracted with 
NaOH. Moreover, SDS-PAGE showed an increase on HMW oligomers on those samples. They 
concluded those were protein aggregates formed by disulfide bonds since the HMW bands were 
reduced with the used of 2-ME yielding α-zein. Wang and Padua (2010) investigated the 
microsphere formation occurred due to evaporation-induced self-assembly process (EISA). 
During EISA, ethanol evaporated faster than water, yielding an increasingly hydrophilic media, 
which promoted protein-protein interactions resulting in hydrophobic self-assembly. Based on 
the theory behind the EISA process, it is possible that the desolvation step on the extraction 
process induced hydrophobic interactions, which explains why all extracted zein samples 
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presented HMW oligomers in their profile. It is worth noting that zein samples extracted with 
70% and non-alkaline conditions shared a fraction profile similar to Showa, the commercial 
sample used as a control. Commercial samples, like Showa, extracted from CGM, required a 
steeping step and the utilization of a highly concentrated solvent to minimize the extraction of β-, 
δ-, and γ-zein. Thus, mostly α-zein is present in commercial samples. As mentioned before, beer 
solids used for extractions were obtained from ethanol dry grind operations, which lack of a 
steeping step in its process. According to Tsai (1980), when zein is extracted from whole corn 
without the use of a reducing agent, even low ethanol content such as 70% ethanol could extract 
α-zein without extracting much γ-zein. Kl 
Samples extracted with 90% ethanol (Table 3.7 and Figure 3.8) had a high content of 
both α-19 and α-22. For some treatments, there is an increase in HMW oligomers. Yet, the 
reduction in γ-zein when using NaOH is not as clear as it was with samples using 55% or 70% 
ethanol. Due to its low solubility in 90% ethanol, γ-zein was not expected to be extracted in any 
of the treatments.  
Overall, samples extracted with 55% ethanol had the highest amount of γ-zein fractions, 
both γ-16 and γ-27. They also had the highest amount of high molecular weight oligomers. Due to 
a higher evaporation rate, 90% ethanol might have resulted in extractions with a lower content of 
ethanol, resulting in the presence of α-zein. The low amount of water present in 90% ethanol 
could also cause a lower impact of NaOH on α-zein extraction compared to 55% ethanol. 
3.4 CONCLUSIONS 
 Quality parameters of extracted zein samples were affected by the solvent ethanol content 
and by pH modification of the extraction medium. Solubility of extracted zein samples was 
affected by the extraction solvent ethanol content, which possibly led to the extraction of specific 
zein fractions and induced their aggregation into dimers or even higher molecular weight 
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fractions. Extraction with 90% ethanol may have resulted in a double extraction of oil and 
proteins. Due to the amount of water in 55% ethanol higher proportion of γ-zein was extracted. 
As expected, the amount of γ-zein decreased with an increase in ethanol content. Extractions 
made with 90% ethanol also increased zein yellow/orange hue, suggesting a possible oil and 
carotenoids extraction along with the zein. 
Alkaline extractions resulted in a decreased solubility, increased protein content, a 
reduction of the amount of γ-zein, and an increase in HMW oligomers. It was believed that lower 
solubility was due to γ-zein aggregation into HMW oligomers or protein-oil interaction. 
Extractions of other proteins along with zein may explain the increase in protein content. 
Overall, samples extracted without pH modification and using 70% showed higher solubility, 
and protein content than samples extracted using 55% or 90% ethanol. It also had protein 
fractions profile closer to those presented in commercial samples.  
3.5 TABLES AND FIGURES   
Table 3.1. Experimental design. 
 
Conditions Levels Treatments 
Solvent to solids ratio (w/w) 1 7:1     
Ethanol content of extraction solvent (weight percent) 3 55% 70% 90% 
NaOH concentration (weight percent of solids, dry basis) 2 0% 3.5%   
Extraction temperature (temperature of slurry in reaction 
vessel) 2 60˚C 70˚C   
Extraction time (time slurry is held at extraction 
temperature) 2 30 min 60 min   
Total extractions 24 
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Table 3.2. Zein treatment codes. 
 
Extractions  Treatments 
Non-Alkaline 
N0556030 N0556060  N0557030 N0557060 
N0706030 N0706060 N0707030 N0707060 
N0906030 N0906060 N0907030 N0907060 
      
Alkaline 
N3556030 N3556060 N3557030 N3557060 
N3706030 N3706060 N3707030 N3707060 
N3906030 N3906060 N3907030 N3907060 
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Table 3.3. Solubility, protein content and color parameters of extracted zein samples. 
 
Treatment  
Solubility + Protein content Color 
(%) (%) L* a* b* 
N0556030 56.20e ± 0.69 67.92k ± 0.13 77.77jk ± 0.39 3.80a ± 0.18 26.44fg ± 0.21 
N0556060 59.73d ± 0.49 74.91hi ± 0.03 78.29ij ± 0.44 2.36g ± 0.47 31.18bcd ± 0.60 
N0557030 47.15f ± 0.50 70.30jk ± 0.01 79.15hi ± 0.10 3.55ab ± 0.11 27.76efg ± 0.18 
N0557060 61.23cd ± 1.02 61.88lm ± 0.11 76.24lm ± 0.09 3.79a ± 0.08 26.23fgh ± 0.10 
N3556030 39.65g ± 0.71 89.06a ± 0.05 83.71b ± 0.09 1.40hi ± 0.06 20.85jk ± 0.20 
N3556060 30.11ij ± 0.49 86.84abcd ± 0.05 81.82de ± 0.02 1.42hi ± 0.01 21.17jk ± 0.03 
N3557030 47.12f ± 0.68 88.83ab ± 0.12 82.36cd ± 0.00 1.39hi ± 0.04 21.74jk ± 0.45 
N3557060 41.63g ± 0.71 88.94a ± 0.08 83.27bc ± 0.11 1.00ijk ± 0.01 19.64kl ± 0.17 
       
N0706030 64.90b ± 0.51 81.14fg ± 0.07 81.74de ± 0.00 3.2bcd ± 0.01 29.18de ± 0.00 
N0706060 64.63b ± 0.99 81.42f ± 0.29 81.88de ± 0.11 2.66efg ± 0.02 24.10hi ± 1.56 
N0707030 64.86b ± 0.23 77.82gh ± 0.22 81.45de ± 0.12 2.74defg ± 0.01 25.69gh ± 0.03 
N0707060 69.87a ± 0.40 82.19ef ± 0.14 78.68hij ± 0.43 3.85a ± 0.03 32.37bc ± 0.35 
N3706030 30.26ij ± 0.54 85.08cde ± 0.10 85.11a ± 0.08 1.24hijk ± 0.02 20.94jk ± 0.05 
N3706060 34.51h ± 0.77 88.31abc ± 0.06 84.17ab ± 0.22 1.21hijk ± 0.05 22.36ij ± 0.34 
N3707030 28.58jk ± 0.51 87.73abc ± 0.13 84.22ab ± 0.02 1.35hij ± 0.02 21.76jk ± 0.12 
N3707060 45.77f ± 1.08 85.39bcde ± 0.04 83.98b ± 0.07 0.78k ± 0.01 18.41l ± 0.04 
       
N0906030 17.01n ± 0.32 73.05ij ± 0.00 79.59gh ± 0.18 3.07bcde ± 0.07 30.88cd ± 0.13 
N0906060 39.28g ± 0.68 60.02m ± 0.66 76.57lm ± 0.16 3.41abc ± 0.05 29.65de ± 0.18 
N0907030 14.59n ± 0.25 73.49ij ± 0.11 77.20kl ± 0.07 2.56fg ± 0.01 25.54gh ± 0.00 
N0907060 15.36n ± 0.26 64.11l ± 0.08 80.86ef ± 0.05 3.22bc ± 0.01 28.3ef ± 0.01 
N3906030 21.50m ± 0.22 84.00def ± 0.73 81.64de ± 0.18 0.89jk ± 0.05 20.37jkl ± 0.41 
N3906060 25.92kl ± 0.30 59.04m ± 2.03 76.10m ± 0.11 2.97cdef ± 0.01 38.62a ± 0.02 
N3907030 23.56lm ± 0.80 88.18abc ± 0.05 80.22fg ± 0.07 1.63h ± 0.00 33.22b ± 0.07 
N3907060 32.49hi ± 1.01 87.84abc ± 1.86 77.96jk ± 0.00 3.13bcde ± 0.05 40.26a ± 0.25 
 
 Reported data includes standard error of the mean for two replications. 
+Reported data includes standard error for the mean of three replications. 
 Means with the same letter are not significantly different (P<0.05). 
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Table 3.4. ANOVA for solubility, protein content and color parameters of extracted zein 
samples. 
 Significance (P-Value) 
Condition 
Solubility Protein Color 
  L* a* b* 
Ethanol 
content <0.0001 <0.0001 <0.0001 0.0149 <0.0001 
NaOH <0.0001 <0.0001 <0.0001 <0.0001 0.004 
Temperature 0.5284 0.0747 0.5438 0.3795 0.6761 
Time <0.0001 0.0027 0.0035 0.0579 0.0294 
Eth-NaOH <0.0001 0.0002 0.0001 0.001 <0.0001 
Eth-Temp 0.0075 0.0005 0.1925 0.9122 0.4911 
Eth-Time 0.0097 0.0001 0.5484 <0.0001 0.0173 
NaOH-Temp <0.0001 0.0043 0.7071 0.5046 0.194 
NaOH-Time 0.0606 0.6052 0.2302 0.1536 0.223 
Temp-Time 0.2422 0.3373 0.1289 0.1704 0.4716 
 
Table 3.5. SDS-PAGE profile of zein samples extracted with 55% aqueous ethanol 
 
Zein 
fractions N0556030 N0556060 N0557030 N0557060 N3556030 N3556060 N3557030 N3557060 
α-22 31.61 34.35 36.56 30.09 27.55 27.10 26.79 47.14 
α-19 43.51 39.71 43.87 43.51 47.71 46.08 50.12 16.38 
γ-27 10.45 11.31 9.74 8.62 5.42 7.07 7.31 16.68 
γ-16 2.57 1.52 1.88 1.93 ---- 1.97 0.14 ---- 
         
HMW  11.24 12.71 7.95 15.85 17.15 17.78 15.50 18.83 
LMW  0.62 0.39 ---- ---- 2.17 ---- 0.15 0.97 
 
 
Table 3.6. SDS-PAGE profile of zein samples extracted with 70% aqueous ethanol 
 
Zein 
fractions 
N0706030 N0706060 N0707030 N0707060 N3706030 N3706060 N3707030 N3707060 
α-22 35.45 37.29 32.85 31.15 32.15 31.02 29.46 29.98 
α-19 55.79 50.21 60.75 63.36 56.41 57.44 54.73 58.40 
γ-27 ---- ---- ---- ---- ---- ---- ---- ---- 
γ-16 3.18 2.16 1.97 ---- ---- ---- ---- ---- 
HMW 5.57 10.34 4.43 5.49 11.44 11.54 15.82 11.62 
LMW ---- ---- ---- ---- ---- ---- ---- ---- 
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Table 3.7. SDS-PAGE profile of zein samples extracted with 90% aqueous ethanol 
  
Zein  
fractions 
N0906030 N0906060 N0907030 N0907060 N3906030 N3906060 N3907030 N3907060 
α-22 34.34 34.47 28.19 30.73 36.43 33.29 27.20 29.00 
α-19 58.14 44.17 65.38 45.13 46.86 60.86 61.04 53.66 
γ-27 ---- 7.58 3.50 7.37 5.08 ---- ---- 4.84 
γ-16 1.62 0.77 ---- 5.78 ---- ---- ---- ---- 
HMW 5.90 13.01 2.93 11.00 11.63 5.86 11.76 12.50 
LMW ---- ---- ---- ---- ---- ---- ---- ---- 
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Figure 3.1. Grouping for LS-means of extraction conditions and interactions on zein solubility 
(α= 0.05). LS-Means covered by the same bar are not significantly different 
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Figure 3.2. Grouping for LS-means of extraction conditions and interactions on zein protein (α= 
0.05). LS-Means covered by the same bar are not significantly different 
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Figure 3.3. Grouping for LS-means of extraction conditions and interactions on zein color (L) 
(α= 0.05). LS-Means covered by the same bar are not significantly different 
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Figure 3.4. Grouping for LS-means of extraction conditions and interactions on zein color (a*) 
(α= 0.05). LS-Means covered by the same bar are not significantly different 
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Figure 3.5. Grouping for LS-means of extraction conditions and interactions on zein color (b*) 
(α= 0.05). LS-Means covered by the same bar are not significantly different 
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Figure 3.6. SDS-PAGE gel image of zein fractions extracted with 55% ethanol 
 
 
 
 
Figure 3.7. SDS-PAGE gel image of zein fractions extracted with 70% ethanol 
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Figure 3.8. SDS-PAGE gel image of zein fractions extracted with 90% ethanol 
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CHAPTER 4: ZEIN MICROCHARACTERIZATION AND 
FUNCTIONALITY 
4.1 INTRODUCTION 
Zein, the prolamine of corn and its potential use has been investigated since early in the 
20th century (Lawton 2002). Different applications have been proposed and investigated: 
adhesive, biodegradable plastic, biomedical coating, chewing gum, edible coating, 
microencapsulation agent, Pickering emulsifier (Coleman 1939; Lai et al. 1997; McGowan et al. 
2005; Wang and Padua 2010; Wang et al. 2013; Mehta and Trivedi 2015; Feng and Lee 2016; 
Moradi et al. 2016; Cui et al. 2018).   
Starting material and extraction conditions have a significant impact on overall quality of 
the protein and its behavior. Commercial zein, extracted from corn gluten meal, is mostly a-zein, 
the smaller fractions are usually washed away in the steeping step of wet-milling process. 
Research on characterization and potential applications of zein are mostly done using zein 
extracted from CGM. Flourishing of ethanol dry-grind process represents a potential source for 
zein extraction. However, the severity of the process could affect zein in many ways, and the 
lack of steeping step could result in a higher content of small fractions during extraction. 
According to Anderson and Lamsal (2011), commercial extraction of zein from a dry-grind 
ethanol co-products would produce zein with unique properties. As discussed in Chapter 3, 
extraction of zein, specifically the use of NaOH and ethanol content of extraction solvent, can 
affect zein solubility, protein content and zein fractions profile. Therefore, the characterization of 
zein microstructure, would allow the investigation potential uses.  
Circular Dichroism (CD), has been widely used to study the conformation of proteins in 
solution (Johnson 1990; Greenfield 1996, 2007; Whitmore and Wallace 2007; Ranjbar and Gill 
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2009). It is based on measuring differences in the absorption of left and right handed circular 
polarized light. Organized structures in proteins such as a-helix, result in a CD-spectrum with 
positive and negative signals. a-Helix have positive signals at 193 nm and negative signals at 
208 nm and 222 nm. b-Sheet are more variable; they can be found in different orientations and 
twists; thus, producing variable CD spectra. Over the past years, CD has been used to investigate 
zein secondary structure and to develop structural models (Argos et al. 1982; Cabra et al. 2007; 
Soliman et al. 2009; Wang and Padua 2012). 
Proteins ability to form protein-protein interactions and protein-solvent interactions is 
essential to determine protein functionality, it also defines protein quality characteristics such as 
solubility (Zayas 1994). To measure protein tendency for aggregation, different techniques are 
available. Two of the most often used are Accusizer and dynamic light scattering (DLS). The 
former, uses a sensor, counter and fluidic configuration to measure not only particle size but also 
concentration. Sensors used with this technique include light extinction, scattering or a 
combination of both (Particle Sizing Systems (PSS)). The later, characterizes particle Brownian 
motion in liquid suspensions, which provides analytical information about the size of the 
particles (Yin 2012). Zein particle size distribution in solutions has been studied by both 
techniques (Wang et al. 2008, 2013; Nonthanum 2014).  
Modern DLS instruments are also set to measure z-potential. The equipment 
measurements depend on particle mobility. The technique is known as electrophoretic light 
scattering. In it an electric field is applied, and electrophoretic mobility of the particle is 
measured; the bean is split into two, one directed to the sample and the second to a reference. To 
determine the Doppler shift, the scattered light from sample is combined with the reference 
beam. Particle velocity is determined from the Doppler shift from which the z-potential is 
computed (Bhattacharjee 2016). Determinations of zein solution stability by z-potential 
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measurements have been previously reported; Feng and Lee (2016) and de Folter et al. (2012) 
characterized surface charge properties of zein colloidal particles by measuring z-potential as 
function of pH. Both studies aimed to use zein colloidal particles to stabilize oil-in-water 
Pickering emulsions. Zhang et al. (2011), evaluated the effect of acid and base treatments on zein 
surface charge.  
As mentioned in Chapter 3, in previous research it was concluded that zein ability to gel 
is linked with the present of g-zein (Nonthanum et al. 2012, 2013). Different profiles were 
obtained from alkaline and non-alkaline extractions. Therefore, rheological characterization is 
needed to provide fundamental information for process design, moreover, it could provide 
further basis for the development of zein applications. Commercial zein, rich in a-zein, has a 
nearly Newtonian behavior (Fu and Weller 1999; Nonthanum et al. 2012, 2013). However, the 
increase in g-zein, pH and type of solvent and solvent concentration can induce zein to aggregate 
and have a more non-Newtonian behavior, specifically, shear thinning (Selling et al. 2005; 
Zhang et al. 2011; Nonthanum 2014). Dynamic tests are conducted to evaluate properties of gels 
and gelation. Frequency sweep is often used. Storage modulus (G’) and loss modulus (G”) are 
determined as a function of frequency at a fixed temperature (Tabilo-Munizaga and Barbosa-
Cánovas 2005). Microcharacterization of zein secondary structure, particle size distribution, 
solution stability and rheological behavior provided basic information for potential uses. 
Therefore, the objective of this chapter is to evaluate the relationship between zein 
characterization parameters and functionality. 
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4.2 MATERIALS AND METHODS 
4.2.1 Materials 
Zein samples were obtained by extraction methods described in Chapter 3. Two 
commercial zein samples were used for comparison, Showa Sanyo Co. (Tokyo, Japan) and 
Freeman Industries (Tuckahoe, NY). Ethanol, 100° prof, was purchased from Decon 
Laboratories (King of Prussia, PA.). 
4.2.2 Zein secondary structure by circular dichroism (CD) 
Zein samples (0.05 mg/ml) were dissolved in 70% ethanol. CD spectra were measured 
using JASCO j-720 spectropolarimeter. Bandwidth was set at 2 nm and scan speed at 50nm/min. 
A resolution of 1 nm and an accumulation of 1-5 traces for averaging were used as experimental 
set ups. Measurements were done using 1 cm path length quartz cuvettes. Measurements were 
done in a range of 200-260 nm at 25°C. Results are presented as mean residue ellipticity [Q], 
using 109.6 g/mol as the mean residue weight. α-helix, β-sheet, and random coil (RC) content 
were calculated by K2D3 software. Values are means of duplicates. 
4.2.3 Particle size distribution by AccuSizer  
Zein (0.05 mg/ml) was dispersed in 70% aqueous ethanol. Zein solutions were stirred for 
15 minutes, then sonicated for 1 minute using an ultrasonic processor VC-750 (Sonic & 
Materials, Newtown, CT) operated at 300 W. AccuSizer measurements were taken using 
AccuSizer FX Particle Sizer (Particle Sizing Systems, Port Richey, FL). A set volume of 15 ml 
of zein solution was pumped into the equipment three times. A mean of all three measurements 
was used as one replicate. To hold particles in suspension a stirrer and stirring plate was used 
during the test. Median particle size (D50) is the reported value for particle size distribution, for 
both Number % (DN50) and Volume % (DV50) based distribution. Duplicates were averages for 
each sample.  
 
 
68 
4.2.4 Particle size distribution by dynamic light scattering (DLS) 
Zein solutions (0.05 mg/ml) in 70% ethanol were stirred for 15 minutes. To improve 
panicle distribution, zein solutions were sonicated for 1 minute using an ultrasonic processor 
VC-750 (Sonic & Materials, Newtown, CT) operated at 300 W. Sonicated solutions were 
filtered through Whatman paper No.1 (GE Healthcare Bio-Sciences. Pittsburgh, PA) 1 ml of 
zein solution was placed in a glass cuvette for DLS analysis. DLS measurements were taken 
using a NIMCOMP 380 ZLS particle sizer (PSS, Santa Barbara, CA) with a 20 mW diode laser 
beam at a wavelength of 635 nm. Scattering angle was held at 90°. Temperature was kept at 
23°C. The solvent viscosity and refractive index used in the experiment were 2.592 cP and 
1.3617, respectively. 
4.2.5 V-Potential  
 Zein solutions (0.05 mg/ml) in 70% ethanol were prepared as described in section 4.2.3, 
AccuSizer test. V-Potential was measured for 0.5 ml of zein solution, pipetted into a folded 
capillary zeta cell, using a Litesizer 500 particle sizer (Anton Paar, Ashland, VA). Tests was run 
after an equilibration time of 1 minute at 70F. Voltage was set at 200 V and the maximum 
number of runs was 1000. Values reported are the means of duplicates. 
4.2.6 Rheological measurements on zein solutions.  
  Zein flow behavior and viscoelasticity were determined over three weeks with an ARES-
G2 rheometer (TA instruments, New Castel, DE). Selected zein samples (20% solids w/v) were 
dissolved in 70% ethanol. Zein solutions were centrifuged (IEC Central CLA, Thermo Scientific 
Inc., Waltham, MA) for 10 min at 4200 RPM. The supernatant containing zein was utilized for 
analysis. To induce gelation, samples were stored in an incubator at 10 °C for 7 days before flow 
behavior measurements were taken and 11 days before viscoelastic measurements began. 
Measurements were made at 10 °C, using a DIN concentric cylinder (bob diameter of 27.7 mm 
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and a cup diameter of 30 mm). A volume of 30 ml was used for each analysis. Zein flow 
behavior was determined by running a flow sweep test, with a shear rate range from 1-100 (1/s). 
K and n values are means of duplicates. Viscoelastic parameters of zein samples, loss modulus 
(G’’) and storage modulus (G’) were measured by an oscillatory frequency test. Linear 
viscoelastic ranges were determined by oscillation amplitude, which were required to establish 
proper experimental conditions. These were carried at an angular frequency of 6.283 rad/s and 
0.001-130% strain variations. Final oscillation strain selected and applied to all samples was 5%. 
4.2.7 Statistical analysis 
Data analysis was generated using SAS software, version 9.4 Copyright Ó 2002-2012 
SAS Institute Inc. SAS and all other SAS institute Inc. product or service names are registered 
trademarks of trademarks of SAS institute Inc. Cary, NC, USA. To determine the effect of the 
extraction conditions ethanol content and NaOH presence on zein microstructural behavior, 
ANOVA analysis was performed using the MIXED procedure (SAS Inst. Inc., Cary, NC). To 
calculate sample treatments a Least Square Means statement was used. PDIFF option with a 
Tukey adjustment was used to request the differences of LS-means of fixed effects and their 
interactions. Significant threshold was held at P<0.05. Normality was verified by UNIVARIATE 
statement. Tests were done in duplicates or as noted. 
4.3 RESULTS AND DISCUSSION 
4.3.1 Secondary structure analysis 
Circular dichroism ellipticity at 210 and 222 nm has been used to estimate the 
content of α-helix and β-sheet of proteins (Argos et al. 1982; Tatham et al. 1993; Soliman 
et al. 2009; Wang and Padua 2012). 
The far-UV CD spectra of extracted zein samples are shown on Figure 4.1 and Table 4.1. 
Ellipticity values were between 210 and 222 nm which are typically associated with a-helix 
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structures (Cabra et al. 2006, 2007; Wang and Padua 2012). However, the strength of the signal 
varied with ethanol content and the presence of NaOH in the solvent used for extraction. a-
Helix, b-sheet and RC content (%) are shown. The a-helix, b-sheet and RC content was 
estimated using K2D3 software for all six extracted zein samples, and the commercial samples 
Showa and Freeman. Statistical analysis on the effect of extraction conditions on zein samples 
are shown in Table 4.2 and in Figures 4.2, 4.3, and 4.4 for a-helix, b-strands and RC, 
correspondingly.  
NaOH had also a significant effect on a-helix content (P= 0.0070), b-sheet (P<0.0001) 
and RC (P=0.0386). NaOH reduced α-helix for samples extracted with 70 and 90% ethanol. 
Overall, there is an increase in b-sheet content and decrease in RC. 
Ethanol content had a significant effect on a-helix (P=0.0030) and b-sheet content 
(P<0.0001), but not on RC (P= 0.3404). a-Helix content was highest for 70% ethanol and lowest 
for 90% ethanol. This was not expected since previous studies had reported a decrease in a-helix 
content with a decrease in ethanol solvent concentration. Cabra et al. (2007), reported 95% a-
helix content of zein in 90% ethanol. On the other hand, Wang and Padua (2012), reported 80% 
a-helix content for zein in 75% ethanol. Moreover, Bugs et al. (2004), observed a decrease in 
helical content of zein with an increase in water content of solvent. Considering all extractions 
made with 55% and 70% (both alkaline and non-alkaline) there are no differences in α-helix 
content between samples extracted with 55% and 70% ethanol (P=0.4564). Selling et al. (2007) 
tested the effect of ethanol content in water (60-90%) on zein secondary structure and reported 
no significant differences in secondary structure. The content of b-sheet (%) of extracted zein 
samples, increased with increasing ethanol content. It is worth noting that no b-sheet (%) was 
detected for samples N0706060 and N05556060, only on their homologous alkaline extraction. 
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However, b-sheet (%) was detected for sample N0906060. The amount of random coil was 
similar at all ethanol levels. The loss of a-helix (%) was compensated with the gain in b-sheet 
(%), suggesting a nearly stoichiometric transformation of a-helix into b-sheet. The interaction 
between NaOH and ethanol was significant for a-helix content (P=0.0005). NaOH and ethanol 
content had also a significant effect on b-sheet (P<0.0001) and RC content (P= 0.0007) at all 
ethanol levels.   
Changes in the secondary structure of zein due to extraction conditions were more 
pronounced when NaOH was used in the extraction medium. An alkaline medium might have 
caused deamidation in the protein backbone causing partial denaturation. Cabra et al. (2007), 
investigated the effect of alkaline deamidation on the Z19 fraction of a-zein. Alkaline 
deamidated zein showed no visible signal in the Far UV-CD, denoting protein denaturation 
possibly due to the alkaline treatment.  
 However, secondary structures of extracted zein samples are not too far from those of 
commercial samples. Estimation of the secondary structure for Freeman and Showa samples can 
be found in Figure 4.1, and in Appendix B. Both Showa and Freeman samples show mostly a-
helical character. However, Showa, being one of the purest commercial samples has much higher 
content of a-helix (Selling et al. 2007). Reported values of commercial samples go in agreement 
with previous studies, which estimated between 50-60% a-helix content in 70% ethanol (Watson 
et al. 1936; Tatham et al. 1993). More recently, Wang and Padua (2012), reported an estimated 
of 80% a-helix content for Showa in 75% ethanol, which is close to the valued we obtained. 
Based on the results obtained, zein samples extracted from beer solids have a secondary structure 
similar to that of Freeman samples. Further purification of extracted samples might result in a 
behavior closer to that of Showa. Overall, a zein of good quality can be extracted from beer 
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solids, despite extreme processing conditions. Paraman and Lamsal (2011) found similar results 
when studying the secondary structure of isolated zein samples from corn fermentation 
coproducts. They reported that zein retained a high content of a-helix structure even after the 
extensive heating using in ethanol production process.  
4.3.2 Particle size distribution analysis 
Particle size distribution of extracted zein samples was characterized by the Accuziser 
and dynamic light scattering. Table 4.3 show DN50 and DV50 of extracted zein samples. Data of 
commercial zein from Showa and Freeman can be found in Appendix B. Figure 4.5, show a 
particle size distribution plot by Num-Wt (%) vs diameter (µm) of samples extracted with 55%, 
70% and 90% ethanol. DN50 of extracted zein samples decreased with the use of NaOH 
(P<0.0001) (Table 4.4 and Figure 4.6). Particle size distribution of samples extracted under non-
alkaline conditions are skewed to the right side of the X-axis. However, particle size distribution 
of samples extracted under alkaline conditions are skewed to the left side of the X-axis. This 
suggested that NaOH prevented particle aggregation. A study conducted by Soliman et al. 
(2009), evaluated the effect of g-irradiation on structural and functional properties of zein based 
films. In it, Soliman presumed that the formation of large aggregates could be related to the high 
carotenoid content presented in zein. This would have promoted hydrophobic interactions and 
the possible formation of larger particles. This is in apparent agreement with results obtained 
from the color analysis reported in Chapter 3 (Table 4.5). Zein extraction with added NaOH 
resulted in samples of lower b* color parameter (less yellow) which was interpreted as indicative 
of lower carotenoid content. Therefore, carotenoids present in non-alkaline extraction samples 
could be the driving force in the aggregation of particles. 
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Ethanol content had a significant effect (P<0.0001) on sample particle size (Table 4.4, 
Figure 4.6). Samples extracted with 55% ethanol had larger particle size. This might be due to 
lower solubility at 55% ethanol. 
A particle size distribution plot, Vol-Wt (%) vs diameter (µm) is presented in Figure 4.7. 
DV50 was not affected by NaOH (P=0.6605). However, DV50 was affected by ethanol content 
(P<0.0001) as seen in Figure 4.8 and Table 4.4. DV50 was lowest for 55% ethanol samples, 
consistent with zein low solubility. No significant difference was found between samples 
extracted using 70% and 90% ethanol.   
Figure 4.9 shows a plot of particle count (# particles/ml) vs particle diameter (µm). 
Aggregated particles indicated poor solubility at this range. Between 0.5-1 µm, a higher # 
particles/ml were detected on alkaline samples extracted with 55% and 70% ethanol. However, 
between 2-6 µm samples extracted with 70% ethanol had the same # particles/ml, regardless of 
pH. Yet, non-alkaline extractions made with 55% ethanol had higher number of particles in 
suspension at that range.   
Figure 4.10 shows the particle size distribution determined by DLS for extracted zein 
samples. Two groups or peaks for hydrodynamic diameter were identified for all six samples. 
Average values are shown in Table 4.3. Particle diameter was higher for 55% ethanol than for 70 
and 90% ethanol. The hydrodynamic diameter for samples extracted under alkaline conditions 
was lower than for samples extracted under non-alkaline conditions. In a study conducted by 
Zhang et al. (2011), it was observed that the hydrodynamic diameter of zein samples decreased 
with an increase in solvent pH. At pH 10 the mean diameter was 283 nm, while at pH of 12 the 
effective diameter was 383 nm. Figure 4.10 shows the particle size distribution of commercial 
zein by DLS. Similar to the extracted zein samples, two peaks of hydrodynamic diameter were 
detected (Appendix B). Showa resulted in lower mean particle size for both peaks. While 
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Freeman showed higher particles some < 1 µm. Similar results were reported by (Wang et al. 
2008), where larger diameter particles were thought to be aggregates resulting from the higher 
carotenoid content of Freeman zein.  
4.3.3 z-Potential  
Based on the results obtained from particle size distribution analysis, it was believed that 
alkaline extractions prevented particle aggregation. Therefore, z-potential was measured to 
investigate solution stability; data are presented on Table 4.3 and Figure 4.11(Absolute values). 
NaOH had a significant impact (P=0.0002) on z-potential of extracted zein (Figure 4.12 and 
Table 4.4).  Samples extracted under alkaline conditions have higher z-potential values 
compared to samples extracted under non-alkaline conditions, in agreement with the idea that 
NaOH might aid to prevent particle-particle association. Ethanol content also had a significant 
effect on z-potential (P<0.0001) as seen in Figure 4.12 and Table 4.4. z-potential increased with 
a decrease in ethanol content. Both, NaOH and ethanol content had a significant effect on z-
potential (P<0.0001). Zhang et al. (2011) reported higher z-potential values of zein when 
dissolved in alkaline solvent. Zein samples at near neutral pH resulted in a sample carrying no 
charge. It was proposed that glutamine residues present in native zein were probably deamidated 
due to the alkalinity forming glutamate residues, where the deprotonated carboxylic group in 
glutamate gave a negative charge at the protein molecule surface. z-potential pH dependency of 
zein nanoparticles have also been reported (Zhang et al. 2014; Feng and Lee 2016). Moreover, de 
Folter et at. (2012) studied the effect of zein as emulsion stabilizer, they found that with an 
increase in pH of the aqueous dispersion, particles became negatively charged. Along with that, 
they also observed a decrease in particle size and polydispersity (%). Which goes in agreement 
with data obtained from particle size analysis. Data for commercial samples are also shown on 
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Figure 4.11 and on Appendix B. At the concentration used, commercial samples have a high 
negative z-potential values and are stable in solution. 
4.3.4 Flow behavior and viscoelasticity measurements 
The flow behavior of zein samples extracted with 55, 70, and 90% ethanol was 
determined over time, once a week for three weeks. Figure 4.13 shows the results including data 
for Showa and Freeman samples. Overall, the effect of NaOH was to lower viscosity. Viscosity 
of samples extracted under non-alkaline conditions increased in several magnitudes from week 1 
to week 3. Overall samples extracted using 70% had the highest viscosity at every time. The 
highest viscosity was reached by samples in 70% ethanol, possibly because zein is most soluble 
in this solvent. 
Shear thinning index (n) and consistency index (K) were evaluated over time (Figures 
4.14 and 4.15). Data is shown on Table 4.6, for week 1, and week 3 respectively. NaOH 
increased n values and decreased K values, with respect to samples extracted without it. 
Overtime, samples extracted with 70% ethanol had lower n values and higher K values. Followed 
by samples extracted with 55 and 90% ethanol respectively. That is, samples extracted with 
NaOH had a nearly Newtonian behavior, whereas samples extracted under without NaOH 
showed a more pronounced shear thinning behavior. Similar results were found by Zhang et al. 
(2011). Nonthanum et al. (2012), attributed shear thinning behavior of zein to its high content of 
g-zein. Which goes in agreement with our findings. Changes in particle size, increased solution 
stability and changes in secondary structure might also account for the viscosity decrease in 
samples extracted under alkaline solutions. Cabra et al. (2007) believed that partial unfolding of 
zein structure would result in the exposure of hydrophobic zones, increasing the interaction of 
zein-solvent; therefore, less aggregation occurred. Nonthanum et al. (2012) attributed low K 
values in higher ethanol concentration with low solubility of g-zein. This explained why samples 
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such as N0556060 with higher amount of g-zein has lower K values than N0706060. Part of this 
small faction was probably lost during sample preparation when dissolved in 70% ethanol. 
 Showa and Freeman had lower viscosity compared to extracted zein samples, even to 
those extracted under alkaline conditions (Figure 4.13 and Appendix B). K and n values of 
commercial samples suggest a predominantly Newtonian behavior as seen in Figures 4.14 and 
4.15. At week 1 K values where 0.20 and 0.09 Pa.sn for Showa and Freeman respectively. At 
week 3 a slight increase of 0.23 Pa.sn was obtained from Showa, yet K value for Freeman 
remained the same. As for shear thinning index, at week 1 both Showa and Freeman had a n=1. 
At week 3 a slight decrease was observed for both; n=0.97 and n=0.99 for Showa and Freeman 
correspondingly. A behavior similar to that of the commercial samples was expected from 
samples extracted at 90% ethanol, considering that no small molecular weight fractions (b, g, j-
zein) were expected in their profile. ANOVA for rheological characterization of extracted zein 
samples are shown in table 4.7. 
The viscoelastic behavior of extracted zein samples is shown in Table 4.6 and Figures 
4.16, 4.17 and 4.18. For samples extracted with 55% ethanol without NaOH, G’<G” on week 1, 
G’» G” on week 2, and G’>G” on week 3, indicating that samples gelled over time. For samples 
extracted with NaOH, G’ and G” values were lower and did not gel at all. For samples extracted 
with 70% ethanol without NaOH, G’» G” on week 1, G’> G” on weeks 2 and 3, indicating that 
samples gelled from the start. For samples extracted with NaOH, G’ and G” values were 
substantially lower and did not gel at all. For samples extracted with 90% ethanol without 
NaOH, G’<G” on week 1, G’» G” on week 2, and G’>G” on week 3, indicating that samples 
gelled over time. For samples extracted with NaOH, G’ and G” values slightly lower but did not 
gel at all. Zhang et al. (2011) also studied the effect of acid and base treatments on zein 
viscoelastic behavior. They concluded that both low or high pH reduced both G’ and G”. 
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Nonthanum et al. (2013) investigated the effect of pH (2, 6, and12) and ethanol content (65-90%) 
of the solvent. They reported that in alkaline conditions, samples rich in g-zein gelled 
immediately at all ethanol levels. This supports the statement made previously in Chapter 3, 
NaOH promoted polymerization by inducing aggregation of g-zein resulting in an increase of 
high molecular weight oligomers. Zhong and Ikeda (2012) studied the effect of varying ethanol 
content (55-90%) on viscoelastic behavior of a-zein (22-30% w/v). They reported no gel 
formation at 90% ethanol, regardless of zein concentration. Samples in 70-80% ethanol formed 
gel at all ethanol concentrations. However, the possibility of gel formation in 55-65% ethanol 
required higher concentration of zein (< 26% w/v). Overall, samples extracted under non-
alkaline conditions have higher G’, denoting predominantly an elastic behavior, especially at 
lower frequencies. Moreover, at week 3 samples extracted with 55 and 70% ethanol showed 
elastic behavior throughout the experimental range. G’ and G” of all samples were frequency-
dependent and increased with and increased in frequency. However, at week 3, G” and G” of 
N0706060 were nearly independent of the frequency. Lopes da Silva and Rao (2007) explained 
that in a strong (true) gel G’ would predominate over G” throughout the frequency range, 
showing that parameters are independence of frequency. While weak gels tended to be frequency 
dependent. Results here follow those reported by Nonthanum et al. (2012). They studied the 
effect of g-zein in zein rheological behavior. They concluded that gelation process of zein is due 
to the presence of g-zein. g-Zein is rich in cysteine, which has the ability to form disulfide bonds, 
leading to zein gelation. Similarly, samples extracted under non-alkaline conditions had g-zein in 
their profile and were able to form a gel. 
Effect of extraction conditions on zein flow and viscoelastic behavior is of great 
commercial interest as means of zein potential food applications. If gelation is a desirable 
characteristic to commercialize zein, the use of a reducing agent might be applied on alkaline-
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extracted samples. Nonthanum et al.(2012), studied the effect of BME on zein gelation. Results 
proposed that gelation time of samples rich in g-zein can be controlled by the use of BME. It was 
reported that BME might have promoted unfolding of g-zein. Leading to the formation of SH- 
bonds and either new hydrophobic interactions or hydrogen bonds which would end up forming 
polymer entanglements. On the other hand, if gelation is not desirable, non-alkaline extracted 
zein samples could be further purified by doing a double extraction, using higher concentrations 
of ethanol to remove small molecular weight fractions (b-,g-, and d-zein). However, at a risk of 
having lower yields. 
4.4 CONCLUSIONS 
Zein secondary structure was affected by the use of NaOH. Deamidation of the zein 
backbone resulted in a decrease of a-helix and RC and an increase in b-sheet. No statistical 
differences were found in amount of a-helix when ethanol concentration changed from 50-70%. 
Yet, a decreased in a-helix was observed in samples extracted with 90%. Overall, protein quality 
is not far from that of one of the commercial samples, with sample N0706060 been closest to it. 
Particle size was also affected by ethanol content and the use of NaOH. As reported in 
Chapter 3, NaOH induced aggregation of g-zein into HMW oligomers. However, the use of 
NaOH is producing samples with lower particle size and better stability in solution; higher z-
potential values. Thus, NaOH prevented protein aggregation.  
Furthermore, changes in solution stability, protein-protein and protein-solvent interaction, 
are reflected in both flow and viscoelastic behavior of extracted zein samples. Samples prompt to 
aggregation resulted in higher viscosity, had a more pronounced shear thinning behavior and had 
predominantly elastic behavior, specially at lower frequencies. Based on data obtained in 
Chapter 3 (Table 4.5) and current chapter, alkaline extractions would result in higher protein 
content, lighter color, lower particle size and better stability in solution. Yet, lower solubility and 
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slight deamination can occur. Zein extractions with 55% ethanol are feasible; however, 
extractions of small fractions, and other impurities can occur. Extractions made with 90% 
ethanol are not following any specific trend which makes their behavior hard to predict. This 
further support the idea of oil extraction along with zein.  
4.5 TABLES AND FIGURES 
 
Table 4.1. Secondary structure of extracted zein samples. 
 
 
Treatment 
Secondary structure 
α-helix    β-sheet RC 
(%)  (%) (%) 
N0556060 51.45bc ± 1.25 0.00d ± 0.00 48.55a ± 1.25 
N3556060 58.55ab ± 0.15 3.35c ± 0.15 38.10c ± 0.00 
N0706060 61.55a ± 1.65 0.00d ± 0.00 38.45c ± 1.65 
N3706060 44.80c ± 1.90 8.70b ± 0.40 46.50ab ± 1.50 
N0906060 49.10c ± 1.20 3.75c ± 0.15 47.15ab ± 1.05 
N3906060 44.70c ± 1.70 13.60a ± 0.60 41.70bc ± 1.10 
 
Reported data includes standard error of the mean for two duplications. 
Means with the same letter are not significantly different (P<0.05). 
 
 
Table 4.2. ANOVA for secondary structure data of extracted zein samples. 
 
 Significance (P-Value) 
Condition 
Secondary structure 
α-helix β-sheet RC 
Ethanol content  0.003 <0.0001 0.3404 
NaOH 0.007 <0.0001 0.0386 
Ethanol-NaOH 0.0005 <0.0001 0.0007 
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Table 4.3. Particle size and ζ-potential of extracted zein samples. 
 
Treatment  
Particle size+ Particle size+ Particle size++  ζ-potential 
 DN50  DV50 Peak 1 Peak 2  
kV  μm  μm  nm  nm 
N0556060 3.43a ± 0.00 6.32b ± 0.00 296.4 2071.8  -22.48c ± 1.31 
N3556060 1.14c ± 0.00 6.32b ± 0.00 119.3 382.00  -25.15c ± 0.90 
N0706060 1.33b ± 0.04 14.28a ± 0.60 111.60 825.10  -9.11b ± 0.46 
N3706060 0.95d ± 0.00 13.47a ± 0.52 54.40 418.70  -24.63c ± 0.96 
N0906060 1.33b ± 0.04 13.14a ± 0.56 235.40 956.90 - 5.13ab ± 0.20 
N3906060 1.07cd ± 0.00 14.43a ± 0.44 92.10 325.60 - 2.66a ± 0.06 
 
+  Particle size by AccuSizer  
++ Particle Size by DLS 
Reported data includes standard error of the mean for two duplications. 
Means with the same letter are not significantly different (P<0.05). 
 
 
Table 4.4. ANOVA for particle size and ζ-potential data of extracted zein samples. 
 
 Significance (P-Value) 
Condition 
Particle size ζ-potential 
 DN50  DV50 kV 
Ethanol content  <0.0001 <0.0001 <0.0001 
NaOH <0.0001 0.6605 0.0002 
Ethanol-NaOH <0.0001 0.1256 <0.0001 
 
Table 4.5. Solubility, protein content and color values for extracted zein samples (Taken from 
Chapter 3). 
 
Treatment  
Solubility+ 
Protein 
content Color 
(%) (%) L* a* b* 
N0556060 59.73b ± 0.49 74.91c ± 0.03 78.29c ± 0.44 2.36b ± 0.47 31.18b ± 0.60 
N3556060 30.11e ± 0.49 86.84a ± 0.05 81.82b ± 0.02 1.42c ± 0.01 21.17c ± 0.03 
N0706060 64.63a ± 0.99 81.42b ± 0.29 81.88b ± 0.11 2.66ab ± 0.02 24.11c ± 1.56 
N3706060 34.51d ± 0.77 88.31a ± 0.06 84.17a ± 0.22 1.21c ± 0.05 22.36c ± 0.34 
N0906060 39.28c ± 0.68 60.02d ± 0.66 76.57d ± 0.16 3.41a ± 0.05 29.65b ± 0.18 
N3906060 25.92f ± 0.30 59.04d ± 2.03 76.10d ± 0.11 2.97ab ± 0.01 38.62a ± 0.02 
 
       Reported data includes standard error of the mean for two duplications. 
        +Reported data includes standard error of the mean for triplicates. 
       Means with the same letter are not significantly different (P<0.05). 
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Table 4.6. Rheological characterization of extracted zein samples. 
 
Treatment  Week 1 Week 3 𝑛 K (Pa.s𝑛)  𝑛 K (Pa.s𝑛)  
N0556060  0.64a± 0.02  1.42b ± 0.11  G’» G”  0.35bc ± 0.03  10.94b ± 0.37 G’>G” 
N3556060 0.69a ± 0.04  0.44b ± 0.09  G’<G" 0.74a ± 0.02 0.44b ± 0.07 G’<G" 
N0706060  0.63a ± 0.04  4.26a ± 1.21  G’» G” 0.26c ± 0.05 86.50a ± 4.30 G’>G" 
N3706060  0.69a ± 0.05 1.15b ± 0.11  G’<G" 0.49b ± 0.04 3.53b ± 0.27 G’<G" 
N0906060 0.77a ± 0.02  0.66b ± 0.08  G’<G" 0.45b ± 0.01 4.99b ± 0.93 G’>G" 
N3906060 0.70a ± 0.03 0.49b ± 0.10  G’<G" 0.68a ± 0.01  0.59b ± 0.02 G’<G" 
 
  Reported data includes standard error of the mean for two duplications. 
  Means with the same letter are not significantly different (P<0.05). 
 
 
Table 4.7. ANOVA for rheological characterization of extracted zein samples.  
 
 Significance (P-Value)  
Condition 
Flow behavior 𝑛 W1 K W1 𝑛 W3 K W3 
Ethanol content 0.0946 0.0113 <0.0001 0.0023 
NaOH 0.6323 0.0113 <0.0001 <0.0001 
Ethanol-NaOH 0.1598 0.0622 <0.0001 0.0761 
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Figure 4.1. Far UV-CD spectra of zein solutions. 
 
 
 
 
 
 
 
 
Figure 4.2. Effect of extraction on zein a-helix content (α= 0.05). LS-means covered by the same 
bar are not significantly different. 
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Figure 4.3. Effect of extraction conditions on zein β-sheet content (α= 0.05). LS-means covered 
by the same bar are not significantly different. 
 
 
 
 
Figure 4.4. Effect of extraction conditions on zein random coil content (α= 0.05). LS-means 
covered by the same bar are not significantly different. 
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Figure 4.5. Particle size distribution, Num (%) of zein solutions. 
 
 
 
 
Figure 4.6. Grouping for LS-means of extraction conditions on zein DN50 (α= 0.05). LS-Means 
covered by the same bar are not significantly different. 
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Figure 4.7. Particle size distribution (Vol %) of zein solutions. 
 
 
 
 
Figure 4.8. Grouping for LS-means of extraction conditions on zein DV50 (α= 0.05). LS-Means 
covered by the same bar are not significantly different. 
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Figure 4.9. Particle concentration (#particles/ml) of extracted zein samples. 
 
 
 
 
Figure 4.10. Particle size distribution by DLS of zein extracted with: (a) 55%, (b) 70%, and (c) 
90% ethanol (d) commercial zein. 
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Figure 4.11. ζ- Potential of zein solutions. 
 
 
 
 
 
Figure 4.12. Grouping for LS-means of extraction conditions on zein ζ- Potential (α= 0.05). LS-
Means covered by the same bar are not significantly different. 
 
 
 
 
 
 
 
 
 
 
22
.4
8
25
.1
5
9.
11
24
.6
3
5.
13
2.66
15
.7
2
13
.2
1
0.00
5.00
10.00
15.00
20.00
25.00
30.00
ζ-
Po
te
nt
ia
l (
kV
)
N0556060
N3556060
N0706060
N3706060
N0906060
N3906060
Showa
Freeman
 
 
88 
 
 
 
 
 
Figure 4.13. Viscosity of extracted zein samples after storage for (a) one week, (b) two weeks, 
and (c) three weeks. 
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Figure 4.14. Flow behavior index (n) index of zein solutions. 
 
 
 
 
Figure 4.15. Consistency index (K) of zein solutions. 
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Figure 4.16. Viscoelastic behavior of zein samples extracted with 55% ethanol. a) N0556060 b) 
N3556060. 
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Figure 4.17. Viscoelastic behavior of zein samples extracted with 70% ethanol. a) N0706060 b) 
N3706060.  
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Figure 4.18. Viscoelastic behavior of zein samples extracted with 90% ethanol. a) N0906060 b) 
N3906060. 
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CHAPTER 5: EFFECT OF BEER SOLIDS 
DEFFATING ON QUALITY AND FUNCTIONALITY 
OF EXTRACTED ZEIN 
5.1 INTRODUCTION 
Most commercial zein has a distinct yellow color. Impurities such as oil and lipid 
materials like pigments are associated with zein characteristic color. Carotenoids, naturally 
present in corn, are oil soluble. The most common ones in the corn grain are lutein, zeaxanthin, 
b-cryptoxnthin and b-carotene (Hulshof et al. 2007; Kljak and Grbeša 2015). Mixture of water 
and organic solvent most commonly used to extract carotenoids are: acetone, methanol and 
ethanol (Britton 1996; Ishida and Chapman 2009).  
Color in yellow zein tends to be seen as a troublesome characteristic, which limits its use 
in many applications. Color free zein has been the focus of many investigations (Osborne 1891; 
Walsh et al. 1944; Carter and Reck 1970; Takahashi and Yanai 1992; Cheryan 2001, 2002; Sessa 
et al. 2003). However, although zein purity increases and color is removed, yield is affected. 
Moreover, some of the solvents used to removed color are non-GRAS. This could limit zein use 
for food or pharmaceuticals (Shukla and Cheryan 2001). 
Data on Chapter 3 and 4 suggest that hydrophobic interaction between zein-oil or zein-
carotenoids, are affecting both, zein quality and functionality. It was suggested that a double 
extraction of zein-oil and oil constituents such as carotenoids might have been responsible for the 
increase in zein yellow/orange hue, especially on samples extracted with 90% ethanol. It is 
hypothesizing zein-oil and zein-carotenoid interactions might have been withheld in samples 
extracted with 90% to follow a trend; therefore, making it challenging to predict zein behavior.  
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The aim of this study is to remove oil and carotenoids from beer solids (BS) before 
extraction and to evaluate the effect of defatting on zein selected quality parameters and 
functionality.  
5.2 MATERIALS AND METHODS 
5.2.1 Materials 
Distillers’ dry grind beer solids were obtained from POET (Sioux Fall, SD). Hexane 
(VWR Analytical, Radnor, PA). Non-defatted zein samples were obtained by extraction methods 
described in Chapter 3 and are label NDFN0906060 and NDFN0706060. Two commercial zein 
samples were used for comparison, Showa Sanyo Co. (Tokyo, Japan) and Freeman Industries 
(Tuckahoe, NY). Ethanol, 100° prof, was purchased from Decon Laboratories (King of Prussia, 
PA.).  
5.2.2 Defatting 
For defatting of zein samples, beer solids (BS) where washed with hexane at a 10:1 
solvent to solid ratio (w/w). Solution was stirred for 20 minutes. To induce solids separation, the 
slurry was centrifuged (RC5C, Sorvall Instruments, Newton, CT) at 12,000 RPM for 10 minutes 
at 20°C. Supernatant containing extracted oil was discarded. Pellet was dried for 24h at 25°C. 
Washing was repeated three times. Defatted beer solids were used to extract zein samples as 
described in Chapter 3. Two non-alkaline extractions, with 70 and 90% ethanol, were performed. 
Samples were extracted at 60°C and held to that temperature for 60 minutes. Samples were label 
DFN0906060 and DFN0706060. 
5.2.3 Solubility 
Extracted zein samples were dispersed (10% w/v) in 70% ethanol and stirred for 2 hours 
at room temperature. To prevent solvent evaporation, samples were covered with parafilm while 
stirring. Upon stirring, samples were centrifuged (IEC Central CLA, Thermo Scientific Inc., 
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Waltham, MA) for 10 min at 4200 RPM. The supernatants containing zein were placed in 
aluminum pans. To promote ethanol evaporation, samples were held at room temperature for 2 
days. Dry samples formed a film. To eliminate remaining water in the films, they were placed in 
a conventional oven (The Grieve Corporation Laboratory oven L0-200C, The Grieve 
corporation, Round Lake, IL) at 100 °C for 30 minutes. To reduce water absorption and maintain 
sample stability, films were stored in desiccators containing “dry-rite” (W.A. Hammond Drierite 
Co., LTD, USA).   
Solubility was calculated from the difference between the total mass of initial solute and 
total mass of dissolved solute. Tests were performed in duplicates. 
5.2.4 Protein content by combustion method 
Extracted zein samples were weighed (135 mg) and compressed to form tight capsules. 
Those were placed in an Elementer Rapid N-cube protein/nitrogen equipment (Elementar 
Americas Inc., Mt Lautel, NJ) following the AOAC method 993.23. Combustion of zein capsules 
was done at high temperature in pure oxygen. Protein content was calculated from the nitrogen 
measured using 6.25 as conversion factor. Tests were performed in duplicates. 
5.2.5 Color characterization by colorimeter test 
Color of extracted zein samples was measured with a Labscan 6000 colorimeter (Hunter 
Associates Laboratory, Inc., Reston, VA). Petri dish (INFO) was filled with 2 grams of zein 
powder. Samples color were evaluated with CIELAB color space. L*, a*, and b* parameters 
were evaluated. Measurements were taken in duplicates. 
5.2.6 Zein secondary structure by circular dichroism (CD) 
Zein samples (0.05 mg/ml) were dissolved in 70% ethanol. CD spectra were measured 
using JASCO j-720 spectropolarimeter. Bandwidth was set at 2 nm and scan speed at 50nm/min. 
A resolution of 1 nm and an accumulation of 1-5 traces for averaging were used as experimental 
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set ups. Measurements were done using 1 cm path length quartz cuvettes. Measurements were 
done in a range of 200-260 nm at 25°C. Results are presented as mean residue ellipticity [Q], 
using 109.6 g/mol as the mean residue weight. α-helix, β-sheet, and random coil (RC) content 
were calculated by K2D3 software. Values are means of duplicates. 
5.2.7 Particle size distribution by AccuSizer  
Zein (0.05 mg/ml) was dispersed in 70% aqueous ethanol. Zein solutions were stirred for 
15 minutes, then sonicated for 1 minute using an ultrasonic processor VC-750 (Sonic & 
Materials, Newtown, CT) operated at 300 W. AccuSizer measurements were taken using 
AccuSizer FX Particle Sizer (Particle Sizing Systems, Port Richey, FL). A set volume of 15 ml 
of zein solution was pumped into the equipment three times. A mean of all three measurements 
was used as one replicate. To hold particles in suspension a stirrer and stirring plate was used 
during the test. Median Particle size (D50) is the reported value for particle size distribution, for 
both Number % (DN50) and Volume % (DV50) based distribution. Duplicates were averages for 
each sample.  
5.2.8 Particle size distribution by dynamic light scattering (DLS) 
 Zein solutions (0.05 mg/ml) in 70% ethanol were stirred for 15 minutes. To improve 
particle distribution, zein solutions were sonicated for 1 minute using an ultrasonic processor 
VC-750 (Sonic & Materials, Newtown, CT) operated at 300 W. Sonicated solutions were 
filtered through Whatman paper No.1 (GE Healthcare Bio-Sciences. Pittsburgh, PA) 1 ml of 
zein solution was placed in a glass cuvette for DLS analysis. DLS measurements were taken 
using a NIMCOMP 380 ZLS particle sizer (PSS, Santa Barbara, CA) with a 20 mW diode laser 
beam at a wavelength of 635 nm. Scattering angle was held at 90°. Temperature was kept at 
23°C. The solvent viscosity and refractive index used in the experiment were 2.592 cP and 
1.3617, respectively. 
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5.2.9 V-Potential  
  Zein solutions (0.05 mg/ml) in 70% ethanol were prepared as described in Section 5.2.7, 
AccuSizer test. V-Potential was measured for 0.5 ml of zein solution, pipetted into a folded 
capillary zeta cell, using a Litesizer 500 particle sizer (Anton Paar, Ashland, VA). Tests were run 
after an equilibration time of 1 minute at 70°F. Voltage was set at 200 V and the maximum 
number of runs was 1000. Values reported are the means of duplicates. 
5.2.10 Statistical analysis 
Data analysis was generated using SAS software, version 9.4 Copyright Ó 2002-2012 
SAS Institute Inc. SAS and all other SAS institute Inc. product or service names are registered 
trademarks of trademarks of SAS institute Inc. Cary, NC, USA. To determine the effect of the 
defatting on zein microstructural behavior, ANOVA analysis was performed using the MIXED 
procedure (SAS Inst. Inc., Cary, NC). To calculate sample treatments a Least Square Means 
statement was used. The PDIFF option with a Tukey adjustment was used to request the 
differences of LS-means of fixed effects and their interactions. Significant threshold was held at 
P<0.05. Normality was verified by UNIVARIATE statement. Tests were done in duplicates or as 
noted. 
5.3 RESULTS AND DISCUSSION 
5.3.1 Solubility 
The solubility of extracted zein samples is shown in Table 5.1. Both defatting (P<0.0001) 
and ethanol content of extraction solvent (P<0.0001) had a significant effect on zein solubility.  
As shown in Figure 5.1 and Table 5.2. Solubility increases with removal of fat from BS. 
Solubility of samples extracted with 90% ethanol increased by 54.18% with defatting. While 
solubility of samples extracted with 70% increased by 41.45%. Overall samples extracted with 
70% ethanol had higher solubility. However, as mentioned in Chapter 3. Higher solubility was 
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expected on samples extracted with 70% since both extraction and solution were done at the 
same solvent concentration. Zayas (1994) reported, the removal of oil from dry-milled germ with 
hexane can lower oil content to less than 1%. However, certain amount of residual lipids is left in 
a defatted corn germ protein flour. Hydrophobic interactions between protein-oil and other 
components associated with oil such as carotenoids might have been removed with the use of 
hexane. Thus, the increase in solubility. 
5.3.2 Protein content 
Table 5.1 shows the protein content of zein samples. Defatting had a significant effect on 
protein content (P=0.0336), as seen on Table 5.2 and Figure 5.2. However, differences in protein 
content between full fat and defatted samples were small. No significant differences were 
observed between NDFN0906060 and the homologous defatted sample. Similar behavior was 
observed for samples extracted using 70% ethanol. As observed in Chapter 3, ethanol solvent 
concentration also has a significant (P<0.0001) effect on protein content. Samples extracted with 
90% ethanol had lower protein content (%) than samples extracted with 70% ethanol.  
Use of hexane might have promoted the extraction of carotenoids in BS and not necessary oil as 
it was first believed. A review of biorefinery strategies to upgrade DDGS made by Chatzifragkou 
et al. (2015) reported that commercial maize oil is either extracted from the germ of the grain 
either before fermentation or post fermentation from the thin stillage; 60-75% of the total oil is 
extracted from the latter case. Moreover, extracted oils from DDGS have a high content of 
tocotrienols and carotenoids. Pretreatment of beer solids is unknown. However, due to the little 
to non-change in protein content after defatting, it could be that beer solids have previously been 
defatted and therefore mostly carotenoids, and not oil, were extracted with hexane. Moros et al. 
(2002), analyzed xanthophylls (lutein, zeaxanthin and b-cryptoxanthin) in corn by HPLC. They 
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reported that even after removal of oil from corn about 85% of the xanthophylls remained in the 
corn, most probably due to hydrophobic interactions between the xanthophylls and zein. 
According to Ishida et al. (2004), organic solvents, most commonly hexane and 
methylene chloride, are often used to extract carotenoids from plant materials.  
5.3.3 Color  
Data of color parameters L*, a*, and b* are shown in Table 5.1. Table 5.2 and Figures 
5.3, 5.4 and 5.5 show the significance of defatting and ethanol (%) on each color parameter. 
Defatting of BS affected L*(P=0.0046) and b*(P=0.0123) color parameters. However, defatting 
did not have an effect on a* (P= 0.9834) color parameter. Defatting increased L* and decreased 
b*. Yet, not changes were statistically significant. 
Statistical analysis show ethanol solvent concentration also has a significant effect on all 
three-color parameters; L*(0.0001), a* (0.0029), and b* (0.0025). Increase in ethanol content of 
extraction solvent resulted in a decrease on L* and increased on a* and b* parameters. 
Overall, defatting of BS resulted in lighter and less yellow zein samples. Gu et al. (2016) 
defatted zein previously extracted from DDGS by the Soxhlet method. However, after defatting, 
zein changed from yellow to dark brown color, probably due to Maillard reaction. To obtained 
lighter color a further step using H2O2 was applied. Extracting zein form a previously defatted 
BS seems to be more effecting on reducing yellow color. Yet, not complete discoloration was 
obtained. Similarly, Swallen (1941) developed a new method for zein extraction from CGM. Part 
of the process involved color removal by hexane. Study reported, zein samples was not complete 
decolorized, instead a pale-yellow color remained. 
Yellow color of zein is due to its high content of b-carotene, lutein and zeaxanthin. All of 
them easily extracted with aqueous ethanol (Anderson 2011). Thus, extractions made with 90% 
ethanol in Chapter 3 and Chapter 4 might have had more carotenoid extracted than samples 
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extracted with 55 and 70% ethanol. This, and not just oil might have explained its lack of trends 
like those observed in samples extracted with 55 and 70%. Might also explained the bright 
yellow/orange color observed in the L*, a*, and b* color analysis. 
5.3.4 Secondary structure  
Circular dichroism ellipticity from 200-250 nm was used to estimate the content of a-
helix, b-sheet and random coil (RC). Far-UV CD spectra of defatted and not defatted samples are 
shown in Figure 5.6. Similar to the results obtained in Chapter 4, all samples have ellipticity 
values at 210 and 222 nm. Meaning, all samples have a strong helical structure. K2D3 software 
was used to estimate the content (%) of a-helix, b-sheet and RC. Data from Chapter 4 show that 
strength of signal varied with presence of NaOH and ethanol content. Strength of signal also 
varied with defatting.   
Table 5.3 show the content (%) of a-helix, b-sheet and RC, respectively. Defatting has a 
significant effect on zein of a-helix content (P=0.0005) as show in Table 5.4 and Figure 5.7. 
Defatting increased the amount of a-helix. Similarly, in Chapter 4, samples extracted with 70% 
resulted in higher a-helix (%) than samples extracted with 90% ethanol (P=0.0002) and seen in 
Table 5.4 and Figure 5.7.  
As show in Table 5.4 and Figure 5.8, defatting (P<0.0001) has a significant effect on b-
sheet content (%). Defatting decreased the amount of b-sheet in samples extracted with 90% 
ethanol. b-sheet content (%) was also affected by ethanol content (P<0.0001) (Table 5.4 and 
Figure 5.8), b-sheet content increased with higher ethanol content. However, as seen in Table 5.4 
that effect is due to NDFN0906060. A not difference was found between samples extracted with 
70% ethanol regardless of defatted or not defatted BS used as a starting material. 
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Content of RC (%) is also affected by defatting (P=0.0008) (Table 5.4 and Figure 5.9) of 
starting material and by ethanol (%) content (P=0.0004) as seen in Table 5.4 and Figure 5.9. RC 
(%) decreased with defatting and increases with an increase in ethanol content. According to 
Britton (1996), geometric configuration, concentration, temperature and concentration are some 
of the factors that might affect carotenoid CD spectra. Momany et al. (2006) investigated and 
proposed a new structural model of a-zein (Z19). The authors proposed a structure where the 
nonpolar residues side chains of a-helices formed a hydrophobic face inside a triple super helix. 
The 9 helical segments of a-zein (Z19) are organized onto three sets of three interacting coiled-
coil helices. Moreover, study proposed that lutein is found in the core of the triple super helix to 
generate stability. Therefore, removal of lutein would result in disruption of an organized 
structure. This does not go in agreement with data obtained from CD. Removal of carotenoids 
improved the helical character of extracted zein samples; increased in a-helix (%) and reduction 
of both b-sheet and RC. Therefore, resulting in a more organized structure. 
5.3.5 Particle size  
As in Chapter 4, characterization of particle size distribution was done by Accusizer and 
dynamic light scattering (DLS). Table 5.5 shows data for DN50 of extracted samples. 
Defatting (P=0.0040) (Table 5.6 and Figure 5.10) had a significant effect on particle size of zein 
samples. DN50 decreased with the addition of the defatted step. Figure 5.11 show a particle size 
distribution plot by Num- Wt (%) vs diameter (μm). Data show samples extracted of defatted BS 
are more skewed to the left side of the X-axis. On the other hand, particle size distribution of 
samples extracted of non- defatted BS are more skewed to the right side of the X-axis. Data 
suggest, defatting of BS is preventing aggregation of particles. Ethanol content does not have a 
significant effect (P=0.6174) on DN50. Johansson et al. (2012) studied the influence of surface 
lipids in commercial zein and their effect on dough microstructure and rheological behavior; 
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commercial zein was washed with hexane. Although, no measurements were reported, the author 
points a clear difference in particle size, describing commercial zein as small flakes and defatted 
zein as a fine powder. 
Table 55. shown data of DV50 of extracted zein samples. DV50 of extracted zein samples 
were not affected by defatting of BS (P=0.1594) or by ethanol solvent content (P=0.4614) as 
show in Table 5.6 and Figure 5.12. Figure 5.13 shows particle size distribution plot by Vol-Wt 
(%) vs diameter (μm). Schober et al. (2010), analyzed particle size distribution (Vol%) of non- 
defatted and defatted commercial zein by a laser diffraction particle size analyzer. No differences 
were found on particle size (Vol%) between the non-defatted and hexane- defatted samples. 
Figure 5.14 shows a plot of # particle/ml vs diameter (µm) of samples. At around 0.5-1 µm, 
defatted zein samples shown more particles/ml in suspension. As the particle size increases, the # 
particle/ml detected by the equipment decreased for defatted samples. 
Figure 5.15 shows the particle size distribution of extracted zein samples determined by 
DLS. Again, like in Chapter 4. Two groups of hydrodynamic diameters were identified for all 4 
samples. Mean values for each peak are shown in Table 5.5. Diameter of particles extracted form 
defatted BS was lower than the particle diameter for samples extracted under non-defatted BS. 
Wang et al. (2008), evaluated the effect of hydrophilic and lipophilic compounds on zein 
microstructure. In the study, two commercial zein samples were compared; one with low 
carotenoid content (LCC) and one with high carotenoid content (HCC). Larger particle size was 
observed in HCC samples, the investigation concluded that high carotenoid content in samples 
promoted hydrophobic interactions, which resulted in the formation of large aggregates.  
As in Chapter 4 Samples extracted with 70% ethanol has lower particle size diameter 
than samples extracted with 90% ethanol content. Gelling characteristics of zein have been 
associated with ethanol content used for extraction. A common troublesome characteristic of 
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zein is its ability to gel during extraction. Shukla and Cheryan (2001), reported that gelation time 
of zein depends on factors such as solvent choice and solvent concentration, extraction 
temperature and pH and mechanical factors such as agitation. Generally, to prevent gelation, a 
third organic component must be use.  
However, considering that most of the commercial zein still has a yellow hue, it is 
possible that clogging or gelation is due to hydrophobic interactions induced between 
carotenoids-zein. Therefore, based on the data obtained, defatting of BS might be a possible 
solution to prevent gelation of zein during extraction. 
5.3.6 z-potential  
z-potential was measured to investigate solution stability, data showing absolute values 
are presented on Table 5.5 and Figure 5.16. Defatting has a significant effect(P<0.0001) (Table 
5.6 and Figure 5.17) on zein solution stability. Defatting resulted in a higher z-potential value. 
Both defatting and not defatting zein samples are negatively charged. However, absolute values 
were used to facilitate discussion. 
Ethanol solvent content (P=0.0310) has also a clear effect on zein z-potential. Zein 
samples extracted with 90% ethanol had a higher z-potential than samples extracted with 70%.  
Non-defatted samples are more prompt to aggregate by hydrophobic interactions induced by 
carotenoid content. This might explain the drastic change in z-potential for samples extracted 
with 90% ethanol, which seems to have extracted more carotenoids along with zein. Ishida and 
Chapman (2009) compared different solvents and its efficiency to extract carotenoids. The 
authors reported, from the different solvent tested, 100% ethanol was the most efficient in 
extracting lutein and b-carotene. 
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5.4 CONCLUSIONS 
Removal of zein impurities with hexane improved zein solubility. Solubility increased by 
more than 40% for extractions made with 70% ethanol and by more than 50% for samples 
extracted with 90% ethanol. Results obtained from both color and protein content indicated that 
carotenoids, more than oil, was responsible for the change in zein quality. Protein content was 
not affected when comparing homologous extractions; defatted vs non-defatted extracted with 
the same ethanol content (%). Yet, a change in color was observed. Zein extracted from defatted 
BS resulted in lighter and less yellow samples. It is worth noting that, not a complete 
discoloration of zein was achieved with the defatting method proposed. However, if 
discoloration is a desirable feature, this can be done at the risk of reducing yield and over used 
and wasted solvent.  
Functionality of zein was also affected by defatting of BS. Helical character of zein 
samples increased. Data obtained from both Accusizer and DLS suggest defatting prevents 
aggregation by preventing hydrophobic interactions between zein and carotenoids. This is further 
supported by evaluation of zein solution stability. Data showed improvement with an increase in 
z-potential. 
Discoloration of zein may makes it more appealing for several food applications. 
Furthermore, beside the improvements in appearance. Defatting results in a change on zein 
characteristic, indicating, the huge impact of carotenoids and its association with zein. Which can 
define zein behavior during production and zein quality and functionality for commercialization.  
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5.5 TABLES AND FIGURES 
 
Table 5.1. Solubility, protein content and color of extracted zein samples. 
 
Treatment  
Solubility 
Protein 
content  Color 
(%) (%) L* a* b* 
NDF N0906060 39.68c ± 0.97 60.02c ± 0.66 76.57c ± 0.16 3.41b ± 0.05 29.65a ± 0.18 
DF N0906060 61.18b ± 0.67 59.65c ± 0.42 78.61b ± 0.09 4.13a ± 0.41 26.13b ± 0.52 
       
NDF N0706060 63.69b ± 0.54 81.42a ± 0.29 81.88a ± 0.11 2.66bc ± 0.02 24.11bc ± 1.56 
DF N0706060 89.96a ± 0.06 77.67b ± 0.10 83.83a ± 0.66 1.93c ± 0.19 20.47c ± 0.90 
 
Reported data includes standard error of the mean for two duplications. 
Means with the same letter are not significantly different (P<0.05) 
Table 5.2. ANOVA for solubility, protein content, and color of extracted zein samples. 
 
 Significance (P-Value)  
Condition Solubility Protein Color 
L* a* b* 
Ethanol 
content  <0.0001 <0.0001 0.0001 0.0029 0.0025 
Defatting <0.0001 0.0336 0.0046 0.9834 0.0123 
Ethanol-DF 0.0566 0.056 0.9036 0.0325 0.9456 
 
Table 5.3. Secondary structure of extracted zein samples. 
 
Treatment 
Secondary structure 
α-helix β-sheet RC 
(%) (%) (%) 
NDF N0906060 49.1c ± 1.20 3.75a ± 0.15 47.15a ± 1.05 
DF N0906060 59.1b ± 0.20 0.00b ± 0.00 40.90ab ± 0.20 
    
NDF N0706060 61.55b ± 1.65 0.00b ± 0.00 38.45b ± 1.65 
DF N0706060 76.00a ± 1.20 0.00b ± 0.00 24.00c ± 1.20 
 
Reported data includes standard error of the mean for two duplications. 
Means with the same letter are not significantly different (P<0.05) 
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Table 5.4. ANOVA for the secondary structure of extracted zein samples. 
 
 Significance (P-Value) 
Condition 
Secondary structure 
α-helix β-sheet RC 
Ethanol content  0.0002 <0.0001 0.0004 
Defatting 0.0005 <0.0001 0.0008 
Ethanol-DF 0.1343 <0.0001 0.0236 
 
Table 5.5. Particle size and ζ-potential of extracted zein samples. 
 
Treatment  
Particle size+ Particle size++ ζ-potential 
 DN50  DV50 Peak 1 Peak 2  
kV  μm  μm  nm  nm 
NDF N0906060 1.33a ± 0.04 13.14a ± 0.56 235.40 956.90  5.13a ± 0.20 
DF N0906060 1.06b ±0.05 15.50a ± 0.31 12.30 768.40  21.5c ± 0.13 
       
NDF N0706060 1.33a ± 0.04 14.28a ± 0.60 111.60 825.10  9.11a ± 0.46 
DF N0706060 1.11ab ±0.03 13.58a ± 0.42 54.40 248.40  15.47b ± 0.36 
 
+  Particle size by AccuSizer 
++ Particle Size by DLS 
Reported data includes standard error of the mean for two duplications. 
Means with the same letter are not significantly different (P<0.05) 
 
 
Table 5.6. ANOVA for the size and ζ-potential of extracted zein samples 
 
 Significance (P-Value) 
Condition 
Particle size ζ-potential 
 DN50  DV50 kV 
Ethanol content  0.6174 0.3985 0.031 
Defatting 0.004 0.2209 <0.0001 
Ethanol-DF 0.6073 0.0739 <0.0001 
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Figure 5.1. Grouping for LS-means of defatting and ethanol on zein solubility (α= 0.05). LS-
Means covered by the same bar are not significantly different. 
 
 
 
 
Figure 5.2. Grouping for LS-means of defatting and ethanol on zein protein (α= 0.05). LS-Means 
covered by the same bar are not significantly different. 
 
 
 
 
Figure 5.3. Grouping for LS-means of defatting and ethanol on zein L* color parameter (α= 
0.05).  LS-Means covered by the same bar are not significantly different. 
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Figure 5.4. Grouping for LS-means of defatting and ethanol on zein a* color parameter (α= 
0.05).  LS-Means covered by the same bar are not significantly different. 
 
 
 
 
Figure 5.5. Grouping for LS-means of defatting and ethanol on zein b* color parameter (α= 
0.05).  LS-Means covered by the same bar are not significantly different. 
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Figure 5.6. Far UV-CD spectra of zein samples extracted with: a) 90% ethanol, and b) 70% 
ethanol. 
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Figure 5.7. Grouping for LS-means of defatting and ethanol on zein α-helix content (α= 0.05). 
LS-Means covered by the same bar are not significantly different. 
 
 
 
 
Figure 5.8. Grouping for LS-means of defatting and ethanol on zein b-sheet content (α= 0.05). 
LS-Means covered by the same bar are not significantly different. 
 
 
 
 
Figure 5.9. Grouping for LS-means of defatting and ethanol on zein RC content (α= 0.05). LS-
Means covered by the same bar are not significantly different. 
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Figure 5.10. Grouping for LS-means of defatting and ethanol on zein DN50 (α= 0.05). LS-Means 
covered by the same bar are not significantly different. 
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Figure 5.11. Particle size distribution, Num (%) of zein samples extracted with: a) 90% ethanol, 
and b) 70% ethanol. 
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Figure 5.12. Grouping for LS-means of defatting and ethanol on zein DV50 (α= 0.05). LS-Means 
covered by the same bar are not significantly different. 
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Figure 5.13. Particle size distribution, Vol (%) of zein samples extracted with: a) 90% ethanol, 
and b) 70% ethanol. 
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Figure 5.14. Concentration of zein samples extracted with: a) 90% ethanol, b) 70% ethanol. 
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Figure 5.15. Particle size distribution by DLS of zein extracted with: (a) 90%, and (b) 70%. 
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Figure 5.16. ζ- Potential of zein solutions: a) 90% ethanol, and b) 70% ethanol. 
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Figure 5.17. Grouping for LS-means of defatting and ethanol on zein z-potential (α= 0.05). LS-
Means covered by the same bar are not significantly different. 
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CHAPTER 6: ZEIN-BASED FOAMS 
6.1 INTRODUCTION 
Polyethylene (PE), Polypropylene (PP), Polystyrene (PS), polyvinyl chloride (PVC) and 
Polyethylene terephthalate (PET) are the most utilized materials for packaging. Thousands of 
tons of commodities made out of petroleum-based plastics increase every year the problem of 
urban disposal (Kirwan and Strawbridge 2003). They substituted glass and metals for their 
ability to form flexible films, bags and foams (Soykeabkaew et al. 2015). However, the 
environmental impact of this non-degradable polymers has upraised an environmental concern 
for its use. To ameliorate their negative impact, ecofriendly and natural renewable polymers have 
gained popularity. Natural polymers include proteins from both plant and animal sources, plant 
polysaccharides and natural polymers produced by both fungi and bacteria (Luckachan and Pillai 
2011). The use of biodegradable polymers will depend on their ability to match comparable 
properties with those of synthetic polymers.  
Polystyrene (PS), has been widely used as a material to fabricate foams. PS foams are 
typically used as a thermal insulation material. Moreover, due to its light weight it is also used as 
a filling material. These characteristics made PS a suitable material in food packaging and food 
service applications (Lickly et al. 1995; Sauceau et al. 2011; Soykeabkaew et al. 2015).   
Polymer foams have been used for several applications, insulation, packaging, structural 
material and filters (Han et al. 2002; Doroudiani and Kortschot 2003). Blowing agents are 
typically a gas, but some volatile liquids might be used. Chemical agents are typically solid 
materials (Organic or inorganic) which produced gas by chemical reactions or by decomposition 
(Doroudiani and Kortschot 2003; Gutiérrez et al. 2014). Expanded polystyrene foam, or 
incorrectly known as Styrofoam, is made of beads of polystyrene. These are melted a blowing 
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agent is added to the polystyrene resin where the gas is then trapped and form the foam-like 
structure (Gloman and Napoli 2007). 
In foods, colloidal systems air bubbles may form the dispersed phase, suspended in a 
continuous liquid phase. This liquid phase can be easily destabilized, such is the case for 
whipped cream and beer. Foams may also solidify and hold the cellular structure, this is the case 
for bread, cake, popcorn and merengue (Brooker 1993; Alzagtat and Alli 2002). Foam 
stabilization of the dispersed phase is often done by proteins (Murray 2007; Wilde 2012).  
Bread crumb and texture depend on three main ingredients; water, flour and yeast. Yeas 
is added to convert sugar into moisture and CO2 (Mondal and Datta 2008; Wilde 2012). 
Compared to other flours, wheat is widely used for bread making, due to the dough capacity to 
retain gas on expansion. With higher effect in the central section of the bread. HMW glutenin, a 
type of protein characteristic of wheat gluten, forms intermolecular b-sheet structures which 
allow hydrated gluten to hold CO2 for a long period of time (Mejia et al. 2012). When the 
proteins are in a doughy hydrated state, the b-sheet structure of HMW glutenins increase. 
Moreover, Barak et al. (2013)studied the effect of both gliadin and glutenin proteins in dough 
rheological behavior and break making performance, the study concluded that both gliadins and 
glutenins are equally important in providing dough properties and bread quality. Wiser et al, 
described gluten as a “two component glue” were gliadins provide the dough with viscosity and 
extensibility properties, while glutenins provides strength and elasticity.  
Singh (2005), studying the effect of baking on wheat proteins, concluded that S-S bonds 
of gluten proteins are crucial to form the gluten matrix in bread dough. Moreover, aggregation 
and/or cross-linking of proteins during baking were also observed. However, gliadins, specially 
g- and w- have been associated with wheat allergies and celiac disease (Balakireva and 
Zamyatnin 2016; Navarro et al. 2017). Attempts to produce gluten-free and reduced gluten bread 
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faces the problems of producing a dough that resembles the structure and functionality of that of 
a traditional bread.  
Zein, the prolamine of corn has many applications, one of the most promising is a 
biodegradable source for packaging through the formation of films (Swallen 1941; Spence et al. 
1995). According to Lawton (1993), zein has the ability to form a dough with b-sheet structures, 
however, this are unstable and are rapidly lost. For zein to form a dough with viscoelastic 
characteristics of wheat flower it has to be mixed above Tg. Moreover a zein-based system is 
formed using starch or other proteins to stabilize and built up b-sheet structure in zein (Lawton 
J.W. 1993; Mejia et al. 2007; Erickson et al. 2012).  
Microwaves are electromagnetic radiations with frequencies ranging from 0.3-300 GHz. 
This electromagnetic radiation interacts with polar molecules, to generate heat. Since its 
development, microwave has caught the attention of the baking industry. Bread baking using a 
microwave can reach similar volume and texture of bread produced in a conventional oven. 
Moreover, proofing, which is the rest period of bread dough until this reached a desirable 
volume, in conventional bread making can take up to an hour. Microwave reduces proofing time 
and it can bake the sample at the same time (Decareau and Peterson 1968; Schiffmann 1993; 
Ovadia and Walker 1995). Baking on conventional oven, the heat produced is transferred to the 
bread loaf by conduction. Temperature gradient whiting the dough allows the dough to cook 
without completely dehydrate, while the surface of the dough does, producing the characteristic 
bread crust and brown color (Tsen 1980). Microwave baking of white bread results in a weak 
brown crust. Since this is a desirable characteristic on bread baking combination of both 
conventional baking and microwave is usually done (Tsen 1980; Ovadia and Walker 1995). 
Effectiveness of the microwave depend on the dielectric properties of the solvent and 
matrix(Michael Eskin et al. 2012). Water, has a relatively high dielectric constant of 78.25 at 
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25°C. Dielectric constant decreases in water-ethanol mixture, at 50% ethanol-water dielectric 
constant is 37.18-36.94 at 23-24°C. While pure ethanol has a dielectric constant of 24.47 at 25°C 
(Mashimo et al. 1989; Sato et al. 1999; Sato and Buchner 2004). Therefore, moisture content is 
an important factor on determining a material ability to heat (Schiffmann 1993). 
In popcorn, pericarp works as a pressure vessel and moisture barrier which prevent 
moisture loss before expansion (van der Sman and Bows 2017). Corn cultivar, composition of 
the corn kernel and moisture content are determinant factors for popcorn expansion. High zein 
content and linoleic acid increases the expansion of popcorn. Moreover, expansion volume of 
popcorn is at best with moisture content range from 12-13% (Allred-Coyle et al. 2000; van der 
Sman and Bows 2017). The aim of this work was to study the potential of zein as a foam making 
biopolymer.  
6.2 MATERIALS AND METHODS 
6.2.1 Foam preparation. 
Zein from Freeman Industries (Tuckahoe, NY). Ethanol, 100° prof, was purchased from 
Decon Laboratories (King of Prussia, PA.). Zein (40 % w/v) in 70% ethanol mixed and heated 
up to 60 °C and held at that temperature for 45 minutes. 
To induce resin formation, concentrated zein solutions were poured in coagulating bath 
(200 ml). Resin was collected and kneading for 5 minutes. This was later cut in rolls of 3 cm and 
placed in 20 oz sample cups. Parafilm was used to cover the sample cup with holes poked on it to 
control moisture released by the resin. Cups were placed in a conventional oven at 42°C (Thermo 
Scientific Precision Premium Gravity Convection Ovens, Thermo Fisher scientific, Waltham, 
MA) to dry. 
Effect of ethanol content in the coagulating bath: To study the effect of ethanol in foam 
morphology, concentrated zein solution (40% w/v in 70% ethanol) was poured in 200 ml 
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coagulated bath of 0, 20, 50, 70 and 100% ethanol. Temperature of the coagulating bath was set 
at 4-5°C, to do so ethanol was storage at -16°C. Resin was collected, cut and dried as described 
above. 
Effect of resin drying: To investigate the effect of drying on foam morphology, concentrated 
zein solution (40% w/v in 70% ethanol) was poured in 200 ml of coagulating bath containing 
20% ethanol. Samples were dried at 42°C and removed from the oven at time intervals over 
several days.   
Dried samples formed a film, which were placed in a microwave (GE Profile Ô 2.2 cu. 
Ft. Capacity countertop microwave 1200 Watts, General Electric, Rapid City, SD). Samples 
were microwaved for 1 to 2 minutes to blow into a foam.  
6.2.2 Residual solvent content 
To investigate the effect of drying on foam morphology the Residual solvent (RSdb) 
content was calculated. Dried samples removed from conventional oven were place in the center 
of the rotating plate inside the microwave. Weight of the dried resin before and after microwave 
was used to calculate RSdb as the percentage equal to the ratio of the solvent weight (WS) to the 
weight of the dry matter (Wd).  
 𝑅𝑆+, = 𝑊.𝑊+ 
 
Foamed samples where covered with a plastic lid and held at 25°C inside a desiccator 
with dried rite until CT and ESEM tested where completed. 
6.2.3 Microstructure characterization by X-ray Computer Tomography (CT) 
X-ray Computer Tomography (CT) was used to characterize the internal structure of zein 
foams. Scans were performed using a Rigaku Nano 3DX (Rigaku Corporation, Tokyo, Japan). 
X-ray source on Cu anode was ran at 40 kV and 30 mA. Foams were placed on a rotation stage 
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and in between the X-ray source and the CCD camera detector. The distance between the sample 
stage and the CCD camera was set to 5 or 10 mm differing on sample expansion and lenses used. 
Scans were done at 360° with 4-seconds exposure time. Two lenses were used, one with 8.6 µm 
and one with 2.16 µm Voxel size. Image stacks with 1664 x 1644 1236 (Pixel). Images were 
reconstructed into 16-bit data form. Processing of 3D image data was done using Simpleware 
ScanIP software (Synopsysâ, Mountain View, CA). The solid volume fraction was obtained 
from the software and was used to estimate the porosity of the sample. 
 
6.2.4 Microstructure characterization by Environmental Scanning Electron Microscope 
(ESEM) 
Zein foam microstructure was characterize by ESEM using FEI Quanta FEG 450 ESEM 
(Thermofisher Scientific, Hillsboro, OR). T increased conductivity, zein foam samples were 
vacuum coated by evaporation of gold using a Desk-1 TSC sputter coater (Denton Vacuum, 
Moorestown, NJ). The ESEM was operated at an accelerating voltage of 5kV. Working distance 
was of 8-10 mm. 
6.3 RESULTS AND DISCUSSIONS 
6.3.1 Ethanol content in the coagulation bath 
Zein porosity decreased with increase in ethanol content from 0- 50% ethanol (Table 6.1 
and Figure 6.1). However, the decrease is slight. Expansion and porosity increased from 70-
100% ethanol (Table 6.1). Morphology of zein foam was also affected by ethanol, CT scan and 
ESEM images are shown in Figure 6.5. Zein foam formed in ice water- resin, showed cells of 
irregular order. Not a specific pattern is observed. However, when resin formation is induced by 
using 20-50% ethanol (Figure 6.5 a-c) cells are more regular and a constant average size. 
Therefore, the addition of ethanol seems to aid on cell organization. Resin formed of coagulating 
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bath of ice water formed a stiff resin. Elasticity and malleability of the resin increased with an 
increase in ethanol content on coagulating bath. During bread baking, the increase in temperature 
produces several changes within the dough, thermal expansion of vapor and increased saturation 
pressure of water. Aiding for expansion to occurs along with compression and higher densities in 
certain parts of the bread (Mondal and Datta 2008). Similarly, higher density was observed on 
the foam outer walls after microwaving. Therefore, both CT scans and ESEM images were 
obtained from the center of the foam. When the concentration of ethanol is more than the amount 
of water use, the expansion of zein foams is produced, however, it compromised the organization 
and regularity of the cells formed. As seen in Figure 6.5 (d-e) zein foams formed by using 70-
100% ethanol resulted in an expanded foam structure, with not visual cell organization and with 
less cells of not uniformed sizes. Samples obtained using 70 and 100% maintained the solid resin 
only when submerged in water. Yet, it would “melt” when removed from it. Therefore, kneading 
was not possible. Kneading in bread making is crucial for the formation of foam, bubble size and 
number of bubbles will depend on it (Wilde 2012). No kneading on foams made with 70-100% 
might have partially affected the formation of organize cells. All samples where dried for 4 days. 
Initially was thought that resin formed from 70 and 100% ethanol might had most of the ethanol 
evaporated and less water evaporated. Therefore, more expansion occurred when microwaved. 
On the other hand, 0-50% ethanol induced resin probably had more water evaporated, resulting 
in less expansion. However, considering the azeotrope point of ethanol-water mixture has a 
composition of 96% ethanol and 4% water, with a boiling point of 78.1°C. Considering the 
boiling point of pure ethanol is 78.3°C, meaning evaporating pure ethanol from an ethanol-water 
mixture with more than 4% water is nearly impossible (Pavia et al. 2016). Therefore, samples 
formed with 100 and 70% ethanol might have more residual ethanol. Elasticity of the protein due 
to the ethanol might have produced the higher expansions. Yet, cell organization was 
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compromised. While expansion and cell organization samples formed with 0-50% ethanol was 
due to more water in the foam. Berta et al. (2015) studied the effect of zein-starch viscoelasticity 
on foam development. In their investigation, no leaving agent was used and no proofed was 
done. Therefore, it concluded that the phase transition of the water to steam was the driving force 
for the bubble and expansion formation.  
Wang and Padua (2012), studied the nanoscale characterization of zein self-assembly. 
The investigation reported that as solvent became more hydrophilic with the evaporation of 
ethanol, the secondary structure of zein changed; there was an increased in b-sheet structure and 
a decrease in a-helix. Development of zein dough with similar viscoelastic properties as those in 
wheat proteins depend on producing and retaining the b-sheet structure in a zein dough. This 
might explain, why pouring the concentrated zein solution in 0-50% ethanol formed the resin. 
Since foams formed from 20% ethanol resulted in cells of more regular size and organization, 
this concentration was selected to further study the effect of drying on foam porosity.  
6.3.2 Resin drying – Residual solvent content 
Zein resin was dried at 42°C for 3-13 days. Drying time, residual solvent content (%) and 
porosity were measured, data are reported in Table 6.2 and Figure 6.3. Data show a slight 
increase in porosity with an increase in drying time and an increase in solvent evaporated (%). 
Figure 3 show plot of porosity vs drying time and porosity vs solvent content (%).  
 Micro-CT scan and ESEM images are shown in Figure 6.6. Samples dried for 3, 4 and 6 days 
(Figure 6.6 a-c) were more expanded than samples dried for 10, 12 and 13 days (Figure 6.6 d-f). 
Therefore, a larger lens with 8.6 µm of voxel size was used for the more expanded samples and a 
lens of 2.16 µm voxel size was used for the less expanded samples. Cells of larger size were 
observed on more expanded samples. However, with the reduction of solvent content (%) a 
certain level of homogeneity was observed, cells size became smaller, but a larger number of 
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cells was observed. Between days 3-6 probably most of the ethanol in the resin was evaporated, 
therefore, when placed in the microwave the sample might have had more water, which 
explained the expansion when dried on the microwave. Between days 10-13, the zein resin 
required 2 minutes to obtain a small expansion. Less water was available in the resin and longer 
time allowed water to migrate and leave the sample. Which explain the third regime. Previous 
research by Lai et al 1997, studied the microstructure of zein films. Two types of films made of 
zein-oleic acid emulsions were compared; those formed from stretched resin, and those formed 
by casting of zein solutions. SEM images showed that films made out of stretched resin resulted 
in higher structural organization; fibers and ribbon-like structured were observed. If similar 
structures were formed on zein resin during drying, the phase transition of water to vapor in that 
ribbon-like structure might have formed the organized cell. Moreover, Wang et al. (2004), 
suggested that the pouring the zein dispersion in ice water promote hydrophobic associations 
allowing the formation of zein planes. This could also have explained the change in cells 
organization for samples formed in 20-100% ethanol, which would change the polarity of the 
media. 
Tests were also performed on a commercial zein, low in lipids and carotenoids. However, 
no foam was formed. Suggesting a small amount of lipids and lipid related components are 
essential to the formation of the foam and to facilitate cell organization. 
6.4 CONCLUSIONS 
Zein foam structures can be formed from zein resins. Cell shape and size homogeneity 
dependent of the amount of ethanol (%) used to induce resin formation. Moreover, solvent 
content (%) before microwaving has also an impact on foam formation, decrease in solvent 
content result in an increase on cells number, and a decreased in size and expansion. CT and 
ESEM images showed that porosity seems to be constant throughout the whole foam sample. 
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Further evaluation is needed to characterize resin viscoelastic behavior and its effect on foam 
formation. As well as mechanical characterization of the foam, and the effect of oil and 
carotenoids content of zein in foam formation.  
6.5 TABLES AND FIGURES 
Table 6.1. Effect of ethanol content in coagulation bath on zein foam porosity.  
 
Ethanol  Porosity  
(%) (%) 
0 91.7 
20 90.4 
50 89.8 
70 93.8 
100 95.1 
 
 
 
 
 
Table 6.2. Effect of drying time on zein foam porosity. 
 
Day RSdb Porosity 
 (%) (%) 
3 98.38 89.25 
4 94.39 89.47 
6 91.02 89.94 
10 76.22 90.24 
12 73.55 90.71 
13 71.31 91.56 
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Figure 6.1. Effect ethanol content of the coagulation bath on zein foam porosity. 
 
 
 
 
Figure 6.2. Residual solvent content (%) over time. 
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Figure 6.3. Drying effect on zein foam porosity (a) by time (b) by residual solvent (%). 
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Figure 6.4. (cont.) 
 
 
 
 
 
 
 
a (1) a (2)
b (1) b (2)
c (2)c (1)
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Figure 6.4. (cont.) 
 
 
 
Figure 6.4. Ethanol effect on zein foam morphology by CT scan (1) and ESEM (2). Foam was 
formed in a) ice water, b) 20%, c) 50%, d) 70% and e) 100% ethanol. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
d (1) d (2)
e (1) e (2)
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Figure 6.5 (cont.) 
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Figure 6.5 (cont.) 
 
 
 
Figure 6.5. Drying effect on zein foam morphology by CT scan (1) and ESEM (2). Foam was 
formed at a) 98.38%, b) 94.39%, c) 91.02%, d) 76.22%, e) 73.55% and f) 71.31% residual 
solvent. 
 
d (1) d (2)
e (1) e (2)
f (1) f (2)
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APPENDIX A: Beer Solids composition 
 Table A.1. Beer solids composition.  
 
Composition (%) 
Water  47.92% 
Ethanol  17.85% 
Solids  34.23% 
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APPENDIX B: Commercial zein characterization 
 
 Table B.1.  a-helix content of zein solutions. 
 
α-helix (%) 
Showa Freeman 
Rep 1 85.40 61.20 
Rep 2 86.30 59.80 
Mean 85.85 60.5 
SD 0.64 0.99 
 
 
Table B.2.  β-sheet content of zein solutions.  
 
 
β-sheet 
(%) 
Showa Freeman 
Rep 1 10.60 4.50 
Rep 2 10.10 4.40 
Mean 10.35 4.45 
SD 0.35 0.07 
 
 
Table B.3. Random coil content of zein solutions.  
 
 
RC 
(%) 
Showa Freeman 
Rep 1 4.00 34.30 
Rep 2 3.60 35.80 
Mean 3.80 35.05 
SD 0.28 1.06 
 
 
Table B.4. D50 Num-Wt of zein solutions. 
 
 
DN50  
Showa Freeman 
Rep1 1.01 1.14 
Rep2 1.01 1.07 
Mean 1.01 1.11 
SD 0.00 0.05 
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Table B.5. D50 Vol-Wt of zein solutions.  
 
 
DV50  
 Showa Freeman  
Rep 1 15.81 5.59 
Rep 2 15.24 6.32 
Mean 15.53 5.96 
SD 0.40 0.52 
 
 
Table B.6.  ζ-Potential of zein solutions.  
 
ζ-Potential Showa Freeman 
Rep 1 -14.97 -12.50 
Rep 2 -16.54 -13.92 
Mean -15.76 -13.21 
SD 1.12 1.01 
 
 
 Table B.7.  Mean hydrodynamic diameter for peak 1 and 2 by DLS.  
 
Treatments 
Mean 
Peak 1 
Mean 
Peak 2 
Showa 101.4 452.9 
Freeman 218.3 1458.9 
 
 
Table B.8.  Shear thinning (𝑛) of extracted zein samples: 1 week of storage. 
 
 𝑛  Showa Freeman 
Rep 1 1.00 1.00 
Rep 2 1.00 1.00 
Mean 1.00 1.00 
SD 0.01 0.01 
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Table B.9.  Consistency index (K) of extracted zein samples: 1 week of storage. 
 
K 
(Pa.s𝑛) Showa Freeman 
Rep 1 0.21 0.08 
Rep 2 0.19 0.08 
Mean 0.20 0.08 
SD 0.00 0.00 
 
 
Table B.10.  Shear thinning (𝑛) of extracted zein samples: 2 weeks of storage. 
 
 𝑛 Showa Freeman 
Rep 1 0.99 1.00 
Rep 2 1.00 0.99 
Mean 1.00 1.00 
SD 0.00 0.00 
 
 
Table B.11.  Consistency index (K) of extracted zein samples:  2 weeks of storage. 
 
K 
(Pa.s𝑛) Showa Freeman 
Rep 1 0.22 0.08 
Rep 2 0.20 0.09 
Mean 0.21 0.08 
SD 0.01 0.01 
 
 
Table B.12.  Shear thinning (𝑛) of extracted zein samples: 3 weeks of storage. 
 𝑛 Showa Freeman 
Rep 1 1.00 0.99 
Rep 2 1.00 0.99 
Mean 1.00 0.99 
SD 0.00 0.00 
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Table B.13.  Consistency index (K) of extracted zein samples:  3 weeks of storage. 
 
K 
(Pa.s𝑛) Showa Freeman 
Rep 1 0.27 0.08 
Rep 2 0.22 0.09 
Mean 0.24 0.09 
SD 0.04 0.01 
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APPENDIX C: ESEM images of zein wall structure 
 
 
Figure C.1. Foam wall structure  
 
 
 
Figure C.2. Foam wall  
